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THICKNESS AND CONSOLIDATION OF DEEP-SEA SEDIMENTS 


By Epwin L. HAmILton 


ABSTRACT 


Geochemical and other calculations on the total volume of sediment that should 
be present in deep-sea basins, based on materials released in weathering, indicate that 
the average thickness of sediment solids on the ocean floor should be 1-3 km. 
Seismic surveys in all oceans, on the contrary, report a sediment thickness on the order 
of 0.1-0.5 km but also reveal that, in many areas, the surface sediments are underlain 
by other layers whose elastic-wave-transmission velocities are intermediate between 
those of sediment and the “basaltic basement” rock of the oceanic crust. 

Examination of the above problem in the light of soil-mechanics studies, and recent 
studies of the velocity of elastic compressional waves in sediments and rocks, indicates 
the possibility that, in many areas, the lower layers are composed of rocks formed by 
normal consolidation and lithification of the present types of deep-sea sediments. 

Gravitational consolidation of red clay should reduce sediment pore space to values 
between 35 and 45 per cent at depths in the sediment between 150 and 700 m; between 
these porosities, pressure-chemical efiecis in the dewatered sediment should result in 
lithification to shale and marked increase in seismic velocity. 

Gravitational consolidation of calcareous ooze should result in porosity reduction at 
a slower rate than in clay, but lithification of this material with age and pressure can 
result in marked seismic-velocity increases at or near the sediment surface; the discovery 
of deep-sea limestone in the form of lithified Globigerina oozes ranging in porosities from 
5 to 68 per cent and in compressional elastic-wave velocities from 1.8 to 5.5 km/sec indi- 
cates the possible velocity variations. Various combinations of clay and calcareous ma- 
terial are possible and probable in many areas; high velocities under a thin cover of 
present-day clay deposition thus possibly represent an ancient (Cretaceous to Terti- 
ary) layer of lithified calcareous ooze. 

The present sediment thickness measured in deep-sea basins is probably the total 
thickness of these upper layers. If so, the thickness of all layers above the “basalt” 
should enter the calculation of total sediment deposited on the sea floor. A measurement 
of sediment thickness at any time horizon of the past or future should show about the 
same “anomalously thin” value for the topmost part of the slowly consolidating and 
lithifying sediment. 

Normal, expectable deposition of sediment in many deep-sea areas, and subsequent 
consolidation and lithification, may explain most of the seismic discoveries in these areas 
and fall into line with the great geochemical balance and with the theories of soil-me- 
chanics engineering. 
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INTRODUCTION 


Refraction and reflection seismic exploration 
began in the deep sea in the 1930’s, but it was 
not until after World War II that investigators 
began to get a general idea of sediment thick- 
nesses and crustal structure in the ocean basins. 

Before the beginning of seismic work in deep- 
sea areas many estimates were made of the total 
thickness of sediments on the sea floor above the 
topmost crustal layer, which was usually pre- 
sumed to be basalt. Kuenen summed up these 
estimates in 1950 (p. 386-398). Approaching the 
question from five different standpoints Kuenen 
deduced that the deep-sea floor should have an 
average thickness of about 24% km of solids or 
about 3 km of sediments (including pore space). 
Revelle (1954, p. 327) noted that the geochemical 
evidence required 1-3 km of sediments on the 
sea floors. 

It was a surprise to marine geologists, there- 
fore, when the first results of seismic-refraction 
work in deep-sea areas indicated that only 200- 
500 m of unconsolidated sediments overlay ma- 
terial thought to be basalt of the earth’s outer 
crust, as indicated by the velocity of the compres- 
sional wave and by petrological considerations. 
This “anomalous thinness” of sediments immedi- 
ately became one of the important problems of 
marine geology. 

Several reasons were advanced to explain this 
thin veneer of sediment over basalt: (1) the 
lower part of the sedimentary column had 
disappeared as a result of some catastrophic 
occurrence, (2) the lower part of the column was 
undetectable by seismic means, (3) vast floods of 
lava or other volcanic rocks were spread over 
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9. Variations of velocity with depth........ ue 
10. Seismic model of the deep-sea floor with 
hypothetical layered structure without 


Plate Facing pap 
1. Photomicrographs of thin sections of 
Lower Tertiary foraminiferal limestone. . 14 


TABLES 
Table 
1. Consolidation of clay and shale.......... 
2. Consolidation of Globigerina ooze......... 
3. Properties of lithified Globigerina ooze. .... 
4. Thicknesses of original accumulation 
necessary to consolidate to present 
thicknesses in a clay-shale section....... 


the sea floors, so that high velocities were o- 
tained just under the unconsolidated sediment 
or (4) the rate of deposition had been extreme 
low. 

After these early seismic estimates of sedimen’ 
thickness reached the literature, improve 
techniques of seismic work at sea and interpre 
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Pebtation of the records began to show that a of Mexico-Caribbean area and parts of the 
MiFssecond layer” or multiple layers occurred deep Atlantic by exploratory parties from the 
between the unconsolidated sediment and the Lamont Geological Observatory and the Woods 
-.. {ip “basalt” layer in many areas (Officer, 1955; Hole Oceanographic Institution. Excellent ex- 
ta- Raitt, 1956); Hersey e¢ al. (1952) showed an amples of this are noted by Hersey e¢ al. (1952), 
camp of thicknesses and layering in the M. Ewing et al. (1955), Officer (1955), Officer 
xcing pgp Western Atlantic under differing assumptions et al. (1957), J. Ewing et al. (1957), and Ewing 
of one of which assumes no second layer). These and Ewing (1959). An east-west structure profile 
>.. Mf multiple layers were noted in most shallow- from J. Ewing et al. (1957) is illustrated 
water work almost from the beginning, but only — Figure 1C. 
in the past few years have they been noted con- Early analyses of the seismic results from the 
Pf sistently in the deep-sea areas. Raitt was one cruise of HMS CHaALLencer (1950-1953) did 
. 1iifof the pioneers in the deep-sea determinations, not indicate layering in the deep-sea areas, but 
14h and his papers (1954; 1956) show second layers — re-evaluation of these results demonstrated that 
- 1 throughout the Pacific Basin as well as multiple _ layering is typically present, even in the deep-sea 
layering on the tops of seamounts. Figure 1A il- areas (Gaskell, Hill, and Swallow, 1958). 
_ {qui} strates the layering that Raitt found (1954) on — example of the new interpretation is Challenger 
the top of Sylvania seamount in the Marshall Station 8 in the northeast Pacific (Lat. 35° 
____}ldands; Figure 1B is a generalized composite O01’ N., Long. 143° 14’ W.), where, in 2900 
of Raitt’s results from the northeast Pacific. fathoms of water, a first layer 0.1 km_ thick 
vere ob A summary of the layers above the basalt for overlies a second layer 0.6 km thick in which 
diments} everal areas in the Pacific follows (values — the seismic velocity is 4.5 km/sec. 
xtreme} weraged from Raitt, 1956): Hill (1957), in a masterly summary of recent 
geophysical exploration in the oceans, concluded 


sedimen: | First tayer | Second tayer | peat that evidence against the existence of layer 2 is 
mprovet | : | thick. NOt good, and that in numerous places evidence 
Are: re ness or its existence is good. He was s sly i 

interpre! Area | Veloc- |opiny.| Veloc-| dnsiis for its existence is good. He was strongly in 


‘1and2) favor of a layer 2 between the sediment and 
i: | (km) | | sec) sec) | basalt. Hill thought that those stations where 
ae | - layer 2 has not been recorded should be elimi- 
ZS, | [NE. Pacific red | | | nated from averaged thicknesses of layer 1, the 


| 
Apron, Mid- | 

Pacific Moun- | | | | thought to be granite, lava flows, pyroclastic 


clayf... ..| 0.29) 2.15*| 0.82 5.91) 1.11 unconsolidated sediment layer, because, if 
"77m | NE. Pacific cal- | | | | layer 2 does exist, then the calculated thick- 
+ mw| | careous**.....| 0.33) 2.15*| 1.06 5.29) 1.39 nesses of layer 1 are excessive. 


| The material of the second layer has been 


| 


tanstt....... 0. 39) 2.15*| 2.33, 86 rocks, metamorphic rocks, consolidated sedi- 

ments, and mixtures of these rocks and others 

* Assumed of appropriate velocity; most workers favor 

wsee 7 | 1 Mid-Pacific stations 1, 2, 3, 4, 6, 7 volcanic rocks. Around continental margins and 


ws § ** Capricorn stations 18, 19, 20, 21, 22, 23, 24, near islands, or former islands, almost all these 


M/SEC 


rr) jand 25; Mid-Pacific station 5 rock types or various combinations of them are 
it Mid-Pacific stations 10, 11, 12 possible. In the deep-sea areas, however, the ; 
—) pe situation should be simpler. The writer (1957) 
sre || Fisher and Shor (1956), after seismic work favored lithified sediment as the second-layer 
es n the shelf off the west coast of Guatemala, material in the deep sea, as do Gaskell ef al. 
™ ‘wted five layers with velocities ranging from (1958). Hill (1957) thought that the second 
6 


oe ts Lil km/sec at the surface to 5.96 km/sec just layer in deep-water areas was either volcanic 
+10 |ibove the main crustal layer; they thought that rocks or consolidated sediment, or a combi- 
the first three layers (1.71 to 3.25 km/sec) nation of the two. 

’ THE probably represent sediments of varying stages This paper discusses the consolidation and 
ficompaction. Seismic work on the continental lithification of deep-sea sediments, the velocities 
Kini elf southwest of England by Hill and Laughton of compressional elastic waves expectable as a 
aft - indicated layered structure which was consequence of such changes, and the prob- 
structut ought to be consolidating sediments and ability that the second layers, in many areas, 
ing ¢ aRelimentary rock. are lithified deep-sea sediments. A major con- 
Multiple layering has been noted in the Gulf clusion of this paper is that normal, expectable 
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deposition of sediments in many deep-sea areas, 
and subsequent consolidation and lithification, 
explains most of the present seismic discoveries 
in these areas and falls into line with the great 
geochemical balance and with soil-mechanics 
engineering theory. 
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CONSOLIDATION AND LITHIFICATION 
OF DEEP-SEA SEDIMENTS 


Consolidation Theory 


The consolidation of soils and sediment has 
received more than casual interest during the 
past 4 decades. In 1923 Terzaghi concluded a 
study of consolidation which is the cornerstone 
of soil mechanics (see Terzaghi, 1943); subse- 
quently this subject has been intensively studied 
by foundation engineers because the selection of 
proper foundations is directly dependent on 
proper evaluation of the amount of settlement 
expectable under a given design load (Terzaghi 
and Peck, 1948; Taylor, 1948). 

A saturated sediment is a porous structure of 
mineral and/or rock grains. When a natural or 
man-made load is applied to this structure the 
volume decreases because of the escape of water 
from the pores. The speed of this volume re- 
duction is primarily dependent on the amount 
and rate of load application and the permea- 
bility of the sediment. 

The pressure changes in a water-filled sedi- 
ment are analogous to those in a water-filled 
cylinder fitted with a spring and a piston 
through which a stopcock allows water to escape 
(Taylor, 1948, p. 223). When a load is applied 
to the piston and the stopcock is closed, all the 
load is borne by the water (the water being 
much less compressible than the spring); when 
the stopcock is opened, the load is gradually 
transferred to the spring from the water as the 
volume of water decreases; finally the load is 
entirely borne by the spring. The pressures in a 


sediment act in much the same way excep 
that pressures are the same throughout th 
height of the cylinder; in a sediment over anim: 
pervious base the consolidation begins at th 
top and progresses downward (Taylor, 1948 
A load suddenly applied is at first carried }; 
the pore water (as excess pore-water pressur 
and gradually transferred to the sedimer 
structure; the consolidation results from the ¢. 
crease of pore space through grain repackiny 
and the expulsion of water. The primary co: 
solidation is completed when the excess por 
water pressure is zero and pore-water pressur 
is solely hydrostatic. A secondary consolidatic: 
may continue for some time, probably becaus 
of the plastic deformation of grains and of th 
adsorbed water around the grains (Taylo 
1948; Peck, Hanson, and Thornburn, 1953), 

When the rate of load application is ven 
slow Taylor (1948) thought it possible thi 
minute loads cause almost no excess pore-wate! 
pressure, and consolidation, therefore, is a: 
most all secondary. It appears that the e 
tremely slow deposition on the deep-sea floc: 
resulting in minute load applications caus 
little excess pore-water pressure. 

The term “consolidation” is used in soil me 
chanics to refer to a process and not to th 
solidity of material. A material can be com: 
pletely consolidated (under a certain load, « 
overburden) and still be relatively soft. Gedle 
gists should not use “consolidated sediment 
when they mean “‘lithified sediment” « 
“rocks.” In engineering parlance ‘compaction’ 
is reserved for artificial reduction of pore space} 
as with a sheepsfoot roller. 

The consolidation behavior of a clay is stué- 
ied by running a consolidation test in the lab 
oratory on relatively undisturbed samples ané 
on remolded samples of the same sediment. The 
sediment is placed in a ring with porous dist 
at top and bottom. A load is applied to the ta 
disc, and the water is permitted to flow throug 
the discs until volume reduction of the sed- 
ment has practically ceased. The amount of tt 
duction is measured on a dial gage. When tht 
rate of volume reduction becomes very small 4 
new load increment is added. 

The results of a consolidation test are plotted 
as the void ratio, e (volume of voids dividel 
by the volume of solids), versus the cor 
sponding total pressure, ». When plotted 
semilogarithmic paper the curve is called, 4 
soil mechanics, an “e-log p” curve and is 
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After overburden and other load pressures 
are computed for an actual condition then one 
can enter the e-log p plot along the pressure 
ine and pick out the corresponding void ratio 
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FicurE 2.—CONSOLIDATION (e-log p) CuRvES 
FOR CLAY AND Globigerina Ooze 


or the particular pressure. Examination of a 
aumber of e-log p plots for clay reveals a very 
ignificant and important fact: no matter how 
porous the original material, by the time it is 
under about 100 kg/cm? of pressure the void 
ratio has usually decreased to about 0.3-0.5 
porosity approximately 29 per cent). Figure 2 
illustrates this fact and shows the funnelling 
efect derived when a number of plots are made 
ior different clays; this convergence is even 
more marked at pressures greater than about 
100 kg/cm?. The curves from Skempton (1953), 
chown in Figure 2, are derived from a large 
tumber of field and laboratory determinations 
Thich are in accord with a large number of 
plots from other sources collected by the writer 
dut not shown on the figure to preserve clarity. 


jlaughton (1957) has published results of con- 


vlidation-velocity studies on deep-sea ma- 
terials; in Figure 2 his e-log p curves have been 
added to the curves of Skempton and Terzaghi 
and Peck (1948). 

How close do the laboratory determinations 
come to the actual consolidation in the field 


right iyeticment under buildings or under gravita- 


tonal consolidation due to the weight of the 
‘diment)? This matter has been extensively 
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studied, the laboratory results allow close pre- 
diction of actual consolidations (Skempton, 
1953; Schmertmann, 1955). Usually the lab- 
oratory-derived void ratios are slightly less 
than those in the field at a given pressure; this 
is thought to be due to loss of strength because 
of disturbance during sampling. 

The intergranular pressure (due to the weight 
of sediment grains) used in computations of 
consolidation is independent of the depth of 
the water as long as free movement of the water 
can take place so that the excess pore-water 
pressure can become zero. The question of 
hydrostatic uplift (buoyancy of mineral par- 
ticles due to Archimedes principle) is important 
in computing pressures within the sediment. 
In the field of soil mechanics 100 per cent uplift 
is allowed in foundation studies. In the present 
study all pressures are computed with full 
hydrostatic uplift in effect; this is the minimum 
case for explaining high seismic velocities, be- 
cause velocities are likely to be higher with 
higher pressures. The question of hydrostatic 
uplift is considered in more detail in Appen- 
dix A, 


Gravitational Consolidation of 
Deep-Sea Sediments 


Computations.—Excellent summaries of the 
subject of deep-sea sedimentation have been 
published by Revelle et al. (1955) for the Pacific, 
and by Ericson et al. (1955) for the Atlantic. 
The two dominant types of sediments are red 
clay in the deeper areas and calcareous ooze in 
the shallower areas (less than about 2400 
fathoms) of low and mid latitudes. Arrhenius 
has shown (1952) that high productivity in the 
upper waters may lead to more extensive de- 
posits of calcareous material than would nor- 
mally be expected. Calcareous ooze is formed 
largely by the empty shells, or tests, of the 
protozoan Order Foraminifera and by coccolith 
plates and is thus a calcareous sand or sandy 
silt of a specialized type. 

In constructing Table 1, which shows the 
probable consolidation of a red-clay shale, the 
writer used the e-log p curve for colloidal clay 
(Fig. 2) from 0.1 to 19.5 kg/cm? (where the 
porosity is 41 per cent and sediment depth is 
300 m) and then the curve for Skeel’s shale 
with hydrostatic uplift, at greater pressures; 
deep-sea clays and silty clays will vary only 
slightly from these determinations in the upper 
portion of the geologic column. In computing 
Table 2 for Globigerina ooze the e-log p data 
from Laughton (1957) were used to illustrate 
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the consolidation of this typical deep-sea sedi- 
ment. After tables have been computed it is 
then possible to construct various curves to 


TABLE 1.—CONSOLIDATION OF CLAY 
AND SHALE 
Assumption: 300 m of clay overlies shale with 
100 per cent hydrostatic uplift effective. Properties: 
density of solids, 2.31 gr/cc; water density, 1.05 
gr/cc; initial porosity, 72 per cent. 


Depth Interval Void Density, Sub- Porosity 
in sedi- pressure satur- | merged n 
ment (Kg/ 


essure atic 
| ated | weight | (per 


(m) cm?) | (gr/cc) | cent) 
| | 

O | 2.58 | 1.40| 0.35 | 72 
10 | 0.35 | 0.35) 1.73 | 1.52 | 0.47 | 63 
20 | 0.48 | 0.83) 1.48 | 1.55 | 0.50) 60 
30 | 0.51 | 1.34 1.35 | 1.58 | 0.53 | 58 
40 | 0.54 | 1.88! 1.25 | 1.60 | 0.55 | 56 
50 | 0.56 | 2.44 1.18 | 1.63 | 0.58 | 54 
60 | 0.59 3.03 1.13 | 1.64 | 0.59 | 53 
70 | 0.60 | 3.63) 1.08 | 1.66 | 0.61 | 32 
80 | 0.62 | 4.25) 1.05 | 1.67 | 0.62) 51 
90 | 0.63 | 4.88 1.02 | 1.68 | 0.63 | 50 
100 | 0.63 | 5.51) 0.98 | 1.69 | 0.64 | 49 
150 | 3.3 | 8.8 | 0.87 | 1.72] 0.67 | 47 
200 | 3.5 | 12.3 | 0.80) 1.76! 0.71 | 44 
250 | 3.6 | 15.9 | 0.75 | 1.77 | 0.72] 43 
300 | 3.7 | 19.6 | 0.70 | 1.80 | 0.75 | 41 
400 | 7.7 | 27.2 | 0.58 | 1.85 | 0.80} 37 
500 | 8.1 | 35.3 | 0.54 | 1.87 | 0.82 | 35 
600 | 8.3 | 43.6 | 0.50 | 1.90 | 0.85 | 33 
700 | 8.6 | 52.2 0.47 | 1.91 | 0.86 | 32 
800 | 8.7 -| 60.9 | 0.43 | 1.93 | 0.88 | 30 
900 | 8.9 69.8 0.40 1.95 | 0.90 | 29 
1000 | 9.1 | 78.9 0.37 1.97 | 0.92 | 27 
1500 48.4 /127.3 | 0.25 | 2.06 | 1.01} 20 
0.15 | 2.15 | 1.10! 13 


2000 52.8 180.1 0.1: 
| 


illustrate the interrelationships of the various 
properties (Figs. 3, 4). 

Standard soii-mechanics computations allow 
the prediction of settlement in a sediment sec- 
tion, provided the void ratios before and after 
a consolidation test are known (e.g. 
Tschebotarioff, 1951, p. 105). Using the same 
formulations it is possible to expand any depth 
increment of a sediment column to show how 
much sediment was originally present to con- 
solidate to the stated increment. The arbitrary 
increments of Table 1 are thus expanded and 
shown in Table 4 (Appendix B). The amounts of 
clay necessary to consolidate to present thick- 
nesses are surprisingly large: 1000 m of original 


deposition will consolidate to about 500 m;; poros 
took more than 5000 m of clay to form a presen} (Fig. : 
consolidated section 2000 m thick. The 


TABLE 2.—CONSOLIDATION OF A 
Globigerina O0zE 


Assumptions: A progressive porosity decreag 

under pressure with no lithification which is pro}. ; 

ably a rare situation (see text). Properties: Densit; 

of solids: 2.69 gr/cc; water density: 1.05 ae | 


initial porosity: 66 per cent. 


This table is derived from Laughton (1957) why 
ran the test on a Globigerina ooze with 54 per cent L30 
CaCO;. 
Depth Interval Density | Sub- Poros. 
in sedi- pressure Void | satur- | merged) ity,o 
ment | (Kg Ke! ratio, e| ated | weight | (per z 
(m) cm?) cm?) | (gr/cc) | cent 2 
| | 
0'0 | | 1.62 | 0.57) 6 
10 | 0.57 0.57, 1.88 | 1.62 | 0.57 | 65 
20 | 0.57 1.14) 1.85 | 1.63 | 0.58 | 65 
30 | 0.58 | 1.72] 1.82 | 1.63 | 0.58] 65 
40 | 0.58 | 2.30) 1.80 | 1.64 | 0.59| 64 
50 | 0.59 | 2.89 1.78 | 1.64 0.59] 64 
100 3.00 | 5.89 1.68 | 1.66 | 0.61| 6 
200 6.2 | 12.1 | 1.56 | 1.69 | 0.64) 61 
300 6.5 | 18.6 | 1.49 | 1.71 | 0.66) 
400 | 6.7 | 25.3 | 1.44] 1.72 | 0.67) 9 saps 
500 | 6.8 | 32.1 | 1.40 | 1.73 | 0.68 | 58 
600 | 6.9 | 39.0) 1.36 1.74 | 0.69 | 58 | Soxt 
700 | 7.0 | 46.0 | 1.32 | 1.76 | 0.71 | 57 Poros 
800 | 7.2 | 53.2| 1.27] 1.77 | 0.72] 
900 | 7.3 | 60.5 | 1.23 | 1.79 | 0.74] 55 
1000 | 7.4 67.9 | 1.18 | 1.80 | 0.75 | 4 he fiel 
1500 39.0 106.9) 1.01. 1.87 | 0.82) 50. | Te 
2000 '42.5 149.4 | 0.88 1.92 | 0.87| 47 | Mechan 
show re 


The above technique is extremely important! any, 
in determining, approximately, how much total this con 
sediment is represented in any given colum tively fi 
and is an entry to studies of the amounts «) Pressure 
solids in deep-sea sediments and ages of ocean} Water a 
basins. These matters will be the subject of a) ins. | 
later paper. | 

The values used for the physical properties] sand an 
of the sediments of Tables 1 and 2 are show} termec 
below each table; these were the starting values| n the } 
for the sediment at the surface of the present] Péssure 
day sea floor. The methods of computatiod Globig 
used in Tables 1, 2, and 4 are discussed in Apj™ tests 
pendix B. chanical 

Discussion.—The difference between thy \Revelle 
porosity of a calcareous ooze and a clay at th distribut 
same pressure and depth is distinctive: the clay reous « 
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porosity is less than that of calcareous ooze 
(Fig. 2). 

The different consolidation behavior of sand 
and clay has long been known and studied in 
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FicurE 3.—Porosity vs PRESSURE RELATION- 
sHiPSs FOR RED Ctay, Globigerina OozE, AND 
SHaLE WITH AND Hyprostatic 
oF SOLIDS 


Porosity and pressure data for shale from Skeels 
(in LeRoy, 1950); see Tables 1, 2 for data on sedi- 
ments. 


‘the field of soil mechanics. Sands, after a quick 
mechanical rearrangement of particles, will 
show relatively slow decreases of porosity under 
increasing pressures. The adsorbed water layer, 

\ilany, around sand grains is unimportant in 
this consolidation history. Clay shows a rela- 
tively fast decrease in porosity with increasing 

pressure and with expulsion of both the pore 

water and the adsorbed water around the 
grains. Figure 5 illustrates these differences at 
|Plessures greater than 50 kg/cm*. Mixtures of 

\sand and clay will have consolidation curves 
intermediate between clay and sand but always 
om the high porosity side of clay at the same 
pressure, 

Globigerina ooze is largely composed of shells, 
ot tests, of planktonic Foraminifera; me- 
chanical analyses of typical calcareous oozes 
(Revelle, 1944, p. 144-147) show that the size 
distribution of particles is such that most cal- 
careous oozes can be considered as very special- 
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ized types of sandy silt or sand-silt-clay. There- 
fore, the behavior of Globigerina ooze, or 
calcareous ooze, under gravitational pressure 
should follow the expectable consolidation 
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Ficure 4.—Porosity vs DEPTH BELOW THE 
SEA FLooR For Rep Ctay, Globigerina 
OozE, AND SHALE 


Data on clay and Globigerina ooze from Tabies 
1, 2; data for shale with hydrostatic uplift derived 
from Skeels’ data (in LeRoy, 1950) assuming 300 
m of unlithified clay overburden, hydrostatic up- 
lift, and an average density for Pacific red clays; 
data on Gulf Coast Tertiary sediments and shale 
from Dickinson (1953) with no assumptions. 


curve for sandy silt or silty sand. In addition, 
calcareous 00ze is a specialized sandy silt in 
that many of the grains are hollow shells of 
calcium carbonate; these delicate shells after 
crowding together under compaction will 
crush much more easily than typical shallow- 
water sandy silt grains. Thus calcareous ooze 
should show a faster decrease in porosity than 
typical quartz-particle sediments; Figure 5 il- 
lustrates this for the ooze that Laughton stud- 
ied, and it should be true of other similar oozes 
of high calcareous shell content. 

The difference between the porosity of deep- 
water sediments (depths greater than 1500 
fathoms) and shallow-water sediments (depths 
less than 100 fathoms) was discussed by Nafe 
and Drake (1957) who show that, in the At- 
lantic, deep-water sediments have a much 
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higher porosity than shallow-water sediments 
at the same depth of burial. This analysis, how- 
ever, is complicated by the fact that much of 
the Atlantic continental terrace beneath the 
shallow-water sediments is composed of various 


PRESSURE, Kg/em? 


VOID RATIO, e 


Figure 5.—Consouipation (e-log p) CURVES FOR 
CLAY AND SAND 


A: soft Detroit clay; B: shale with hydrostatic 
uplift; porosity data from Skeels (in LeRoy, 1950); 
C: colloidal clay (Skempton, 1953); D: terrigenous 
mud (Laughton, 1957); E: 80 per cent sand and 20 
per cent mica; F: dense sand; G: 90 per cent sand 
and 10 per cent mica; H: loose sand (A and E-H 
from Terzaghi and Peck, 1948); I: Globigerina 
ooze (Laughton, 1957) 


kinds of hard rocks, some of which may have 
been eroded. In the uppermost parts of these 
two sections, the fine silts and clays of the con- 
tinental shelf should decrease in porosity with 
depth at a faster rate than the deep-sea sedi- 
ments which in many areas are likely to contain 
foraminiferal tests and sands and coarse silts 
laid down by turbidity currents; thus, at least 
in the topmost sections, the differences in po- 
rosity are likely to be due to the differing con- 
solidation characteristics of the sediments. 

Figure 4 indicates only slight differences in 
consolidation characteristics between a clay 
with a density of mineral particles of 2.70 
gr/cc (the highest expectable) and one with a 
density of 2.31 gr/cc (the average of 18 deter- 
minations on Pacific red clay); the heavier 
narticles cause only a slightly greater decrease 
in porosity to any given depth. 


Lithification of Clay and 
Calcareous Oozes 


Clay.—From 1925 to 1935 many people 
studied the process by which a silt or clay is 
consolidated and lithified to form a shale. 
Hedberg (1936) published the classic study of 
the subject to date. He used a combination of 
soil-mechanics knowledge and a field study of 
undistorted shales in Venezuela to investigate 
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the relations between pressure, depth, porosity, | stage, 
density, and lithification. Hedberg mentione; | lieved 
at the start of his study that there would neyer | ticity 
be an exact quantitative solution to the rek. | the “e 
tions between pressure, volume, and lithificg. | reattai 
sorbed 
1953, | 
Free water H I 
--4 
Expulsion ar 4 
Adsorbed 
water per Cer 
Expulsion th 
Water Loss|] pay 
from 
Chem. Comb, In 
Me chanical tact, al 
Rearrange- 7 
with th 
Mechanical a the gra 
Deformation \chanica 
fe Solution, |*| |granula 
Recryst. water is 
Elasticity begins; 
water | solution 
0-10 10-35 35-75 | 75-90 % Porosity junder Ic 
Recryst. Dewater. Stages crvstalli 
FIGURE 6.—PROCESSES IN THE Consourpanios | (4) R 
AND LITHIFICATION OF CLAY /porosity 
(From Hedberg, 1936, Fig. 7) domina1 
the fort 
tion in clays and shales t t {paso 
on in clays ¢ shales - 
clays and shales because too many vat | omenta 


ables were involved, but that generalizations |.4, 4, 
were possible for the argillaceous sediments. |, 
Figure 3 of this paper is similar to Figure 5 (p. 
262) of Hedberg’s paper with the red-clay |. 
curve replacing Hedberg’s curve from 
Terzaghi’s early work, and with Skeel’s data}, ther 
(in LeRoy, 1950, p. 340) replacing his pressure | Comp 
porosity for shales. Hedberg’s ideas are illus |,¢ the la 
trated in Figure 6 (from Hedberg, 1936, p. 281, ittle ha 
Fig. 7); briefly summarized his concepts are 
follows: Anint 
(1) Mechanical rearrangement stage (90-75 shove 
per cent porosity): As a highly porous clay,|5i. re 
with its particles surrounded by adsorbed 
is placed under gravitational pressure the port aie 
water, or free water, is first squeezed out aS4},1.., be 
consequence of the mechanical rearrangeméll),...., 
of particles; some adsorbed water is lost. structure 
(2) Dewatering stage (75-35 per cent (i: 
rosity): The expulsion of free water 
adsorbed water moves from the points of Ma}ong 4 | 
mum stress, at the intergrain contacts, into the The a 
larger pores. With increasing pressure the a}, (F; 
proximate lower limit of the stage is reacht),. | s] 
(at about 35 per cent porosity) when the solic range of 
grains begin to come into contact with ea Hepths a1 
other over some part of the surface area; only 4 § consist 
small amount of adsorbed water remains, 44), 
almost all the free water is gone. During th 
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stage, if the pressure is removed, Hedberg be- 
lieved that although there might be some elas- 
ticity of grains, the dominant factor causing 
the “elastic” expansion of the sediment is the 
reattainment by each particle of its film of ad- 
sorbed water. Modern studies (e.g., Lambe, 
1953, p. 32) affirm that this concept is essen- 
tially correct. 

(3) Mechanical deformation stage (35-10 
per cent porosity): This stage is reached when 
the porosity is reduced below about 35 per cent. 
Individual particles are in contact or near con- 
tact, and further consolidation can occur only 
with the alteration of the shape or structure of 
the grains. Hedberg thought that this is a me- 
ichanical process with bending, crushing, and 
granulation of the clay particles. More adsorbed 
water is forced out, and chemical readjustment 
begins; there is a tendency for pressure-point 
‘solution and redeposition in adjacent regions 
under lower stress; the colloidal matter tends to 
crystallize with the formation of new minerals. 

(4) Recrystallization stage (10 per cent to 0 
porosity): Chemical readjustment becomes the 
dominant factor; total volume is reduced by 
the formation of denser minerals, and pore 
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space is filled by these new minerals and by 
jcementation. Hedberg thought that this phase 
starts at about 10 per cent porosity; with fur- 
ther pressure and higher temperature at depth, 


'\the larger crystals grow at the expense of the 


smaller, and if conditions are suitable a gradual 
transition may occur from a shale to a slate 
and then to a phyllite. 

Comparison of the above stages with some 
f the latest ideas on consolidation shows that 
little has been added beyond Hedberg’s sum- 
mation of knowledge in the field. 

An interesting and significant question in the 
above sequence of consolidation is: at what 
pint does the clay become shale? This transi- 
tion, according to the above hypothesis, ap- 
parently comes at about 35 per cent porosity 
there because of chemical changes cementation 
setween the grains imparts a rigidity to the 
‘tructure which previously was not present. 
Skeels (in LeRoy, 1950) has noted shales with 
porosities up to 43 per cent; Birch et al. (1942) 
fecord a maximum shale porosity of 45 per cent. 

The appearance of the porosity vs depth 
furve (Fig. 4) indicates that the change from 


" mF in to shale might come in a minimum depth 

eon fange of 150-250 m; the porosities at these 
epths are 45 and 40 per cent. This evidence 
Sconsistent with the known highest porosities 
rt shale noted above, 


th eacl 
only 4 


ins, 
ing 
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Obviously the change from a clay to a shale 
will occur at different depths and porosities, 
depending on pressure and chemical effects, 
but a reduction to porosities between 30 and 43 
per cent is indicated by hypothesis and field 
data to be the usual range wherein clay be- 
comes shale. These porosities should be reached 
at depths between 150 and 700 m (Fig. 4), 
depending on chemical factors and pressure. 

Calcareous ooze.—Deposition of calcareous 
ooze in deep-sea areas probably began during 
the. Cretaceous period with the evolution of the 
planktonic Foraminifera, although previous 
deposits of coccolith plates are not excluded 
(Bramlette, 1958). Calcareous ooze has been 
accumulating for about 100 million years; today 
it constitutes about 36 per cent of the areal 
extent of sea-floor sediments. The consolidation 
history of this material is thus of some im- 
portance in understanding deep-sea sedimenta- 
tion. 

Consolidation data on calcareous ooze are 
rare. R. D. Terzaghi (1940) ran tests on some 
limy muds from the Bahamas, and Emery et al. 
(1954) briefly studied consolidation of Halimeda 
deposits. Laughton (1957), however, ran a full, 
modern, consolidation test on a deep-sea Glubig- 
erina ooze (Fig. 2). As previously noted, the 
curves for clay and for Globigerina ooze differ 
significantly: the void ratios for the calcareous 
material are much greater than for the clays 
at the same pressures. 

A bed or deposit of calcareous material under 
pressure would be expected to consolidate along 
the lines shown in Table 2. During this consoli- 
dation, after the pressure had crushed many of 
the foraminiferal shells, or tests, pressure- 
point solution and reprecipitation would result 
in both cementation and_ recrystallization 
during mechanical and plastic-grain deforma- 
tion. This cementation and _ recrystallization 
would continue after consolidation and result 
in further reduction of porosity and permea- 
bility. 

The depth in a sediment column at which 
lithification of calcareous material begins is not 
so well indicated as in clay shale. Calcium car- 
bonate is easily cemented and replaced by 
other minerals, without great pressures; this is 
evidenced by the formation of beach limestone 
and by the occurrence of the high-porosity, 
deep-sea foraminiferal limestones such as 
samples 1 and 2 of the present study. These 
two samples came from the tops of two sea- 
mounts and presumably had only a light cover 
of material on top of them. The conclusion here 
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is that the depth to lithification in a calcareous 
deposit could be relatively shallow. The factors 
involved, however, should normally be the 
same as those for clay shale: pressure, age, and 
chemical factors are the most important. If 
calcium carbonate is relatively easy to convert 
to rock, then one would expect that the depth 
to lithification in a calcareous section would 
certainly be no greater (and might be less) than 
that in a clay-shale section. This would place 
the limits on the thickness of the first layer of 
unlithified calcareous sediment, in general, at 
about the same depths as in a clay-shale sec- 
tion—about 150-700 meters. Areas of faster 
accumulation might have greater thicknesses of 
unlithified sediment, inasmuch as a definite re- 
lationship exists between age and lithification 
(Weatherby and Faust, 1935, p. 8; Faust, 1951); 
older sediments have a longer time to be al- 
tered by chemical effects. 

After a calcareous ooze has been lithified 
into a limestone it has a strong, rigid structure, 
and further deposition causing increased over- 
burden pressures probably would not cause a 
marked reduction in porosity. Porosities in 
limestones should decrease because of chemical 
changes, but the marked reduction of porosity 
with depth, so well known in shale, will not 
occur to a significant degree. This is borne out 
by depth-porosity diagrams in limestone from 
oil-well data {Wyllie et al., 1956; Hicks and 
Berry, 1956). This factor allows relatively 
low porosities in rock near the surface not 
caused by pressure-induced consolidation. The 
table and curves illustrating consolidation of 
calcareous sediments are, therefore, merely 
suggestive and do not illustrate expectable 
porosities at depth for lithified calcareous ma- 
terial. The transition between cemented and 
uncemented calcareous material is likely to be 
sharp and not gradational. 

Limestone is known in mining geology as the 
host rock most likely to be metasomatically 
replaced by other minerals; thus replacement 
phenomena such as silicification, phosphatiza- 
tion, and dolomitization might be expected in 
a limestone bed. 

Foraminiferal limestone——In the deep sea, 
including seamounts but excluding the coral- 
atoll environment with its coralline algae and 
coral, known occurrences of limestone are rare. 
Murray and Lee (1909, p. 22) record three 
instances (one each by the ALBATROSS, CHAL- 
LENGER, and BrITANNIA) in which hardened 
Globigerina ooze was dredged from the sea floor. 
The Scripps Institution-U. S. Navy Electronics 
Laboratory Expedition in 1950 dredged in- 


durated calcareous ooze in the form of foram. 
niferal limestone from four seamounts in th 
Mid-Pacific Mountains west of Hawaii an 
from one seamount in the Northern Marshal 
Islands. The geology and paleontology of this 
material is described in detail elsewhere (Han. 
ilton, 1953; 1956b; Hamilton and Rex, 1959 
but is reviewed briefly here. For this study 
five samples of this material have been exam. 
ined in great detail, including determinations, 
the velocity of the compressional elastic wave 
These samples are very important in consider 
ing the possibility that normal sedimentatio 
and lithification can explain, in part, the present 
concepts of sea-floor structure based on seismi¢ 
studies. 

Sample 1 was dredged from the top center oj 
Hess Guyot, a peak on the main ridge of the 
Mid-Pacific Mountains, at a depth of about 
915 fathoms (Mid-Pacific Station 33 C; Lat) 
17° 49’ N., Long. 174° 17’ W.). The dredge 
brought up large amounts of rounded, soft, 
but indurated foraminiferal limestone in the 
form of rocks ranging from cobbles to boulder 
a foot in diameter. The material was so sofi 
when wet that the best explanation for the 
rounding was that it had taken place during the 
mile-long pull back to the sea surface. This mai 
have been the surface material, but possibh 
the heavy steel dredge could have hooked 
chunks of it from an indurated expanse undej 
unlithified sediment; small pipe dredges, at 
tached to the large dredge, were filled wit! 
Recent planktonic deposition. 

The foraminiferal limestone of sample | 
was dated as late Paleocene (Hamilton, 1953 
by its uncontaminated planktonic foraminifer| 
fauna. This material was examined under thé 
petrographic microscope and by X-ray diffrac 
tion and determined to be composed of plank 
tonic Foraminifera and finely divided calcareow 
material cemented together by calcium carbon- 
ate. Other physical properties of this materi 
are indicated in Table 3. 

Sample 2 was dredged from the break-in 
slope on the top of Guyot 19171, a prises, 4 
seamount in the Mid-Pacific Mountains, at 4 
depth of about 750 fathoms (Mid-Pacific Sta 
tion 26 A-3; location restricted). The drede 
haul brought up slabs and boulders of olivin4 
basalt and one boulder of foraminiferal lime 
stone (141% x 14 x 6 inches) covered by a 6-m 
coat of ferromanganese. 

The limestone of sample 2 (PI. 1, fig. 1) wa 
dated as lower Eocene by uncontaminate 
planktonic foraminiferal fauna (Hamilto4 


1953). The original calcium carbonate “proton 
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Ficure 1. — Sample 2, Mid-Pacific Station 26-A3 
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been partially replaced by phosphate as shown 
by petrographic study and by X-ray-diffraction 
studies by Rex (Hamilton and Rex, 1959). This 


TABLE 3.—PROPERTIES OF LITHIFIED 
Globigerina OozE 


| Porosity Velocity 
Sample no. (gr/cc) (per cent | (km/sec)* 
68 1.77 
2.87 62 1.95 
: 24 3.86 
4 2.86 12 4.75 
5 2.85 5 5.46 
| 
* +0.02 


limestone was analyzed spectrographically by 
C. E. Harvey of the American Spectrographic 


laboratory with the following — results: 
Elements as oxides Per cent 
Calcium CO2 and anions 65.5 
28.0 
Si0, 1.9 
Other 4.6 


Other physical properties of this material are 
indicated in Table 3. 

Samples 3, 4, and 5 (PI. 1, fig. 2) were dredged 
from the break-in-slope on top of Cape Johnson 
Guyot, a peak on the main ridge of the Mid- 
Pacific Mountains, at a depth of approximately 
1090 fathoms (Mid-Pacific Station 37 C; Lat. 
I? 10’ N., Long. 177° 10’ W.). The dredge 
brought up about 200 pounds of highly fossilif- 
erous material containing shallow-water rudis- 
tids and corals from the Middle Cretaceous 
imbedded in foraminiferal limestone which was 
dated by its contained Foraminifera as prob- 
ably late Paleocene; this date determination for 
the foraminiferal limestone was made recently 
and is reported here for the first time. Thin- 
sction study, X-ray diffraction, and spectro- 
graphic analysis show that this material is a 
loraminiferal ooze in which calcium carbonate 
has been partially replaced by phosphate 
trancolite or dehrnite; Hamilton and Rex, 
1959). Spectrographic analysis showed the 
following: 


Elements as oxides Per cent 
Calcium CO: and anions 61.2 
POs 35.0 
1.2 
Other 2.6 
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Other physical properties are listed in Table 3. 

The velocities of compressional elastic waves 
were determined in samples 1-5 through the 
courtesy of the California Research Corpora- 
tion, La Habra, California. Velocity through 
the samples was measured by the conventional 
method of timing an elastic pulse generated by 
a quartz transducer through a sample of known 
length. All determinations were made at room 
temperature and 1 atmosphere of pressure; the 
frequency was about 500 kc; the pulse length 
was 2.1 microseconds. All samples were sat- 
urated: sample 1 with silicone oil, sample 2 
with sea water, and samples 3, 4, and 5 with 
distilled water. Saturation of 1 and 2 was done 
under pressure and of 3, 4, and 5 by boiling ina 
vacuum. Velocities ranged from 1.8 to 5.5 km/ 
sec. Velocity, density of solids, and porosity 
data are summarized in Table 3. 


CoMPRESSIONAL WAVE VELOCITIES IN DEEP- 
SEA SEDIMENTS AND ROCKS 


Velocities in Unlithified Sediments 


Until about 3 years ago the only velocity 
determinations for “unconsolidated” sea-floor 
sediments were a few rough (thick-section) 
determinations by seismic work at sea. Read- 
able returns are not usually obtained from 
seismic refractions in the surface sediments of 
the sea floor; as a rule a seismic velocity is 
assumed for this upper layer. The assumed 
velocity is usually an average based on data 
available from other studies. 

The principal properties of unlithified, sat- 
urated sediments that affect sound velocity 
are the grain size, shape, and mineral composi- 
tion, properties of the interstitial water, sedi- 
ment structure (which includes intergrain 
attractive forces), and porosity. Sound velocity 
will be ultimately controlled by the joint effect 
of these various properties on the elastic struc- 
ture of a sediment. Up to now no valid way has 
been determined to measure, directly, the 
clastic properties of sediments; therefore one 
must seek substitute properties that reflect, or 
are related to, clastic properties. The most 
easily derived of such properties appears to be 
porosity because porosity is a measure of the 
openness of the aggregate of minerals that 
makes up the sediment and consequently is 
likely to be an indication of the rigidity of the 
sediment structure (Hamilton ef al., 1956, p. 
14). The reader further interested in the factors 
affecting velocity should read the recent sum- 
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maries by Hamilton ef al. (1956), Shumway 
(1956; 1958; 1958, Ph.D. thesis, Univ. Cali- 
fornia), Laughton (1954; 1957), Nafe and 
Drake (1957), and Sutton et. al. (1957). Some 
of these data are summarized in Figure 7. 
Recent papers on seismic work at sea (Hill, 
1957; Officer, 1955; Officer ef. al., 1957; M. 
Ewing, e al., 1955; J. Ewing ef al., 1957; 
Katz and Ewing, 1956; R. L. Fisher, 1957, 
Ph.D. thesis, Univ. California; Nafe and 
Drake, 1957; Gaskell, Hill, and Swallow, 1958) 
indicate that seismic velocity in unlithified ma- 
rine sediments is largely confined to the range 
1.5-2.2 km/sec. These velocities are averages 
for an uncertain thickness of sediments and un- 
certain sediment types, and velocities of more 
than 2.0 km/sec probably indicaie some degree 
of lithification. Laboratory measurements of 
samples from the deep sea by Laughton (1954), 
Shumway (1956; 1958; 1958, Ph.D. thesis, Univ. 
California) and Sutton ef al. (1957) indicate the 
following values at the sediment surface for 
red clay and calcareous ooze at about room 
temperature and 1 atmosphere of pressure: 


| Velocities, km, sec 
Sediment type 
| Shumway | Sutton |, Laughton 
— 
Red clay* j1.48-1.571.43-1.57 |1.47-1.54 
Calcareous ooze 1.49-1.52 1.48-2.77+ 1.54-1.63 


* Red clay defined as a deep-sea clay with less 
than 30 per cent calcium carbonate 

{ Sutton ef al. think that their higher values 
(2.37 and 2.77) are probably due to the rigidity 
imparted by the first stages of lithification. 


Shumway (1958) showed that correciion of 
the velocity from room temperature to 7 situ 
values should usually be on the order of —0.08 
km/sec. Laughton (1957) showed that the 
effect of hydrostatic pressure is the same in 
sediment as in water; as increase of about 3-4 
per cent would be expected from values at 1 
atmosphere pressure to values at most sea 
depths. 

Most geophysicists doing seismic work at 
sea agree that a positive velocity gradient down- 
ward exists in sea-floor sediments although in 
many cases an average figure is taken, and the 
seismic model adopted to analyze the data 
assumes no gradient. The laboratory work of 
Laughton (1954) and seismic work previously 
cited indicate that in deep-sea sediment one 
should expect a positive velocity gradient of 
0,5-3.0 


An interesting and important phenomeno 
is the relationship between the velocity of soun{ 
in the sea water just above the bottom and th 
velocity in the surficial clay; frequently th 
velocity is less in the sediment. Hersey et. gi 
(1952) and Officer (1955) first illustrated the 
phenomena for seismic work at sea; Katz ani 
Ewing (1956) further discussed the relationship 
from their, and other’s, seismic work and cop. 
cluded that, where present, the depth of lox 
velocity in the sediment may extend to 50m 
below the sediment interface. Hamilton 
(1956), Shumway (1956; 1958; 1958, PhD, 
thesis, Univ. California), and Sutton ée al 
(1957) noted and discussed the low-velocity re. 
lationship in the laboratory and in in sit 
shallow-water measurements. A_ velocity of 
sound less in sediment than in the bottom water 
is likely to be present in clays and silts wher 
the porosity is greater than about 60 per cent, 


Velocities in Lithified Sediments 


General.—The general subject of seismic 
velocities in lithified sediments (sedimentary 
rocks) is of great importance in seismic e- 
ploratory work in the oil industry, and lately, 
because of seismic work at sea, the subject has 
assumed critical importance in our under 
standing of the structure and history of the 
ocean basins. Considerable laboratory and 
field work has been done to determine the 
velocity of sound in sedimentary rocks 
Krumbein summarized the subject in 1951, and 
recent papers by Hughes and his co-worker 
(1950-1952), Wyllie, Gregory, and Gardner 
(1956), and Nafe and Drake (1957) summariz 
the factors and values to date. 

The properties of sedimentary rocks that 
directly affect sound velocity are, of cours, 
the elastic properties. Mineral grain size, com- 
position, orientation and shape, pressure, tet 
perature, pore liquids, degree and kind ¢ 
cementation, density, and porosity are all it: 
fluential factors. As in the unlithified sediments 
sound velocity will be ultimately controle 
by the joint effect of these various propertie 
on the elastic structure of the rock. When: 
sediment is lithified by cementation of th 
grains, a material that has a rigid structure> 
produced. Many investigators have determine} 
and studied the elastic properties of varidg 
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ment increases faster than the density during 
the porosity reduction because of gravitational 
consolidation and lithification. 

The velocity of sound in rocks increases with 
the age of the rocks. This increase of velocity 
appears to be linked with the general increase 
of lithification of sediment with age (Weatherby 
and Faust, 1935, p. 8; Faust, 1951). 

The importance of porosity in velocity in 
rocks is the same as that previously discussed 
for unlithified sediments: it is a rough measure 
of the openness of the rock structure and there- 
fore a relatively easily measured physical prop- 
ety which is related to the elastic properties 
such as rigidity. Wyllie, Gregory, and Gardner 
(1956) have shown that porosity variations 
considerably outweigh the influences of differing 
materials, pressures, and other environmental 
factors. Thery show (p. 65) an “Experimental 
Average Curve” (Fig. 7) of velocity plotted 
against porosity for limestone and sandstone. 
They then show that the curve (representing, 
of course, an elongate area of data spread) is 
valid under different conditions in laboratory 
and field, including oil wells where the esti- 
mated velocity from the porosity data com- 
pares favorably with the velocity as deter- 
mined by the new continuous velocity-logging 
technique. 

The scatter of data along any porosity- 
velocity curve must represent the effect of fac- 
tors other than porosity. One of the most im- 
portant of these is the material forming the 
slid matrix of the rock. Wyllie, Gregory, and 
Gardner (1956, p. 45; personal communica- 
tion from Wyllie) show that the velocity of 
sound in quartz and calcite varies according 
to the crystallographic axis; a random orienta- 
tion of axes in a calcareous rock would yield 
a frame, or matrix, velocity of 22,300 feet per 
second (6.8 km/sec); a random orientation of 
quartz grains would yield a frame velocity of 
about 19,500 feet per second (5.9 km/sec). 
This latter figure is confirmed by the high- 
pressure-velocity studies of Hughes and Jones 
(1951, p. 176, Fig. 7) who reported that a sam- 
ple of sandstone reached a velocity of about 
37 km/sec when it was crushed to “zero” 
porosity. Wyllie et al. use an empirical frame 
velocity of 17,500 feet per second (5.3 km/sec) 
or shale. These frame velocities probably rep- 
tesent the highest possible values for rocks at 
2t0 porosity, a condition rarely attained. 

Velocities in shale—Faust (1951) made a 
‘tudy of the variations of velocity with depth 
and geologic time for a large number of dom- 
nantly shale sections. He utilized actual ve- 


locities from more than 70 wells on the North 
American continent to form curves for Eocene 
and Tertiary (post Eocene) (Fig. 9). In these 
curves the velocity increases from about 2.1 
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km/sec at 300 m to 3.32 km/sec at 3000 m. 
These curves, because of the great amount of 
data involved, can be taken as expectable vari- 
ations of velocity with depth in Tertiary shale 
sections (which may include minor sandstone 
layers). The curve for Tertiary (post-Eocene) 
shale is correlated with the porosity informa- 
tion of Skeels (in LeRoy, 1950) and shown as a 
typical curve for porosity velocity in Figure 7. 

Faust (1951) showed an increase in velocity 
caused by lithification because of age (the 
longer in place the better chance for more ce- 
mentation); probably the highest velocities 
expectable in shale are indicated in his Penn- 
sylvanian shale (p. 194) which reaches velocities 
of about 3.9 km/sec at 2000 m and 4.4 km/sec 
at a depth of 3500 m; in some sections Faust 
records velocities to 4.5 km/sec. 
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Many writers have shown the relationship 
between depth and increasing velocity in shales. 
Wyllie et al. (1956) show that this is largely 
due to changes of porosity with depth (as they 
reflect the increasing rigidity of the rock struc- 
ture). When a shale is metamorphosed into a 
slate the value of velocity along the “bedding”’ 
plane may be as high as 6.3 km/sec. 

Shepard and Moore (1955 p. 1587) note that 
shalelike partings occur in some of their Gulf 
of Mexico sediments at depths of only 69 feet. 
Laughton (1957, p. 249) has shown a definite 
anisotropy developed during laboratory com- 
paction of a clay; the velocities along the 
“bedding plane’, or normal to the pressure 
direction, are 3-5 per cent higher. This anisot- 
ropy parallel to the bedding planes is well 
known in geophysical prospecting in stratified 
rocks. Velocities parallel to the bedding planes 
in shale may be as much as 40-50 per cent 
higher than those normal to the bedding planes 
(LeRoy, 1950, p. 1089; Uhrig and Van Melle, 
1955). LeRoy (1950, p. 1089) thought that an 
average figure for this difference would prob- 
ably be about 10 per cent. This anisotropic 
effect is present, to a lesser degree in carbonate 
sediments. These facts indicate that, in shale, 
transverse anisotropy is probably a pressure 
effect of the overburden. The anisotropic effect 
should be considered in oceanic areas where 
stratified sediments possibly occur. 

In summary: the velocity of the elastic com- 
pressional wave in shale sections will vary 
according to the porosity and depth and will 
be higher parallel to bedding planes. The mini- 
mum and maximum velocity values normally 
expectable to a depth of 2 km will be from 
about 1.8 to about 3.9 km/sec; probably most 
noncalcareous, post-Cretaceous shale sections 
will vary within narrower limits with a maxi- 
mum, normally expectable velocity of about 
2.6 km/sec at a depth of about 2.0 km and 
about 2.1 km/sec at 300 m. 

Velocities in limestone.—The work of Wyllie, 
Gregory, and Gardner (1956) agrees very well 
with, and extends, previous work on limestone 
both in field and in the laboratory; their “Ex- 
perimental Average Curve” (p. 65) can be con- 
sidered as a summary of expectable velocities 
in lime‘ one. 

The validity of Wyllie, Gregory, and 
Gardner’s curve was demonstrated in the pres- 
ent study when the velocities of the compres- 
sional waves in samples 1-5 were very closely 
predicted. The final plot of the sample velocities 
vs porosity lie extremely close to the “Experi- 
mental Average Curve” (Fig. 7); the closeness 


to the curve was, of course, a statistical coip. 
cidence in that the curve represents an area oj 
data. 

As pointed out by Hicks and Berry (1956, 
753) and Wyllie et al. (1956; 1958), one must k 
careful in transferring studies of pressure 
velocity from the laboratory to natural cop. 
ditions in the field. Many laboratory studig 
involve specimens jacketed by some material: 
when the specimen is placed under pressure 
most of the pressure may be transmitted to 
the pore water and relatively little to the rock 
structure. Conversely if the specimen is not 
completely saturated the pressure will be bome 
by the rock structure alone, and usually the 
velocity will be markedly higher. 

A saturated, homogeneous, porous rock at 
depth below the sea floor will have the same 
pressure system as a sediment: a pore-water 
pressure and an intergranular pressure. Wyllie 
et al. (1956; 1958) have shown that the effect 
of high pressure in such rocks is to close any 
flaws or cracks and cause the velocity to be 
approximately related to porosity in a simple 
“time-average”’ relationship: 


inn 
Vw 


where V, = measured velocity, or velocity in 
the saturated rock; Vy = velocity in the port 
water; Vsor = velocity in the matrix, or solids 
n = porosity. 

This “time-average” relationship is very 
close (+3 per cent in velocity for limestone) to 
the “Experimental Average Curve” (Fig. 7) 
The conclusion here is that, in limestone, the 
porosity is the most important easily measured 
physical property (including pressure) that has 
an apparent relationship to velocity. The ve 
locities expectable in a limestone at any depth. 
therefore, can be estimated accurately from its 
porosity and will vary approximately along the 
line of the “Experimental Average Curve” re 
gardless of pressure. 

Sample 1 of the present study is a foraminli 
eral limestone with a measured velocity of 1s 
km/sec and a porosity of 68 per cent. Thi 
specimen probably represents a near minimus 
value of velocity for limestones, although lowe 
values are theoretically possible. Randomly 
oriented calcite grains in a pure calcareous roc 
of zero porosity would have a velocity of abou 
6.8 km/sec, which represents the highest they 
retical value for velocity in a limestone. Fielq 
and laboratory data, however, show that th 
highest value normally to be expected shoul 
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be about 19,500 feet per second (5.9 km/sec; 
Wyllie et al., 1956, p. 62-65), although a few 
velocities of the range 6.1-6.45 km/sec have 
been reported (Birch et al., 1942; Hicks and 
Berry, 1956, p. 753). 

Velocities in mixed materials —Inasmuch as 
shale velocities may be as high as 4.5 km/sec, 
and limestone velocities overlap this range 
fom about 1.8 km/sec, a material with ve- 
locities less than 4.5 km/sec cannot be identi- 
fied on the basis of velocity alone. Sutton ef al. 
(1957) have shown that the velocity of sound 
increases in a sediment with increasing calcium 
carbonate content. One would expect that 
calcareous clays would have velocity values 
intermediate between clay and calcareous ooze. 
Another complicating factor is that velocities 
in volcanic material range from values as low 
as 4.0 km/sec to the values for the supposed 
basalt of the earth’s outer crust (approximately 
6.8km/sec; Raitt, 1956). One of the purposes of 
this paper is to show that normal sedimenta- 
tion and probable lithification might explain 
some of the higher velocities found in many 
places below the unlithified sediments (the 
second layer) in the deep seas. A layer of vol- 
canic rocks could also explain these higher ve- 
locities, but the idea that all the ocean basins 
have a layer of basalt or volcanic rocks at about 
the same depths within the sediments is the less 
likely alternative. However, in many areas, 
especially near islands, the higher velocities 
undoubtedly represent volcanic rocks. 

If the “time-average” formula is used for 
approximating the velocity in a rock, a matrix 
velocity of 22,300 feet per second should be 
used for limestone and 17,500 feet per second 
for shale; the velocity of sound in the bottom 
water of the north-central Pacific at 5-km 
depth is about 5060 feet per second (E. R. 
Anderson, personal communication). Approxi- 
mate values for mixtures of rock types can be 
computed by combinations of these values. 


Discussion 


Figure 7 is a summary of recent information 
on the relationship between velocity and po- 
sity in sediments and rocks; it differs from 
other, similar, figures in that it differentiates 
harply between various types of sediments 
and rocks. A universal equation or relationship 
between porosity and velocity can never be 
worked out, because sediments and rocks have 
‘ntirely different structures with entirely differ- 
tnt elastic properties. Even in unlithified sedi- 
ments no valid universal equation is possible, 
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as is readily apparent by considering the poros- 
ity-velocity data for silts and clays versus that 
for calcareous sediments. Sutton et al. (1957) 
have shown that velocity increases with in- 
creasing percentages of calcium carbonate. At 
least two reasons for this are readily appar- 
ent: (1) calcite has a higher velocity than 
quartz or clay particles, and (2) the grain-to- 
grain structure of a calcareous “sand” is more 
conducive to high velocities than a silty clay 
of the same porosity with its grains separated 
by adsorbed water layers. 

The writer has extended the “Experimental 
Curve” of Wyllie e¢ al. along the dashed line 
from this curve in Figure 7, so that the two 
high-porosity samples (1 and 2) could be in- 
cluded; this curve is a median for Wyllie’s data 
so that any such extension is merely suggestive. 
Unlithified calcareous sediments should lie 
along the low-velocity side of this curve (as 
they do). A rough measure of the increase in 
velocity due to lithification (without changing 
the porosity) is indicated by these curves. For 
example: if a calcareous ooze similar to that of 
Laughton’s (1957) with 30 per cent porosity 
were converted to a limestone with 30 per cent 
porosity an increase of velocity on the order of 
1700 feet per second should occur. The fact 
that the anomalously high velocities of Sutton 
et al.’s cores 24, 25, and 32 fall on or near the 
extension of Wyllie e¢ al.’s curve is probably 
significant and indicates that Sutton ef al.’s 
supposition that these sediments had started to 
lithify is correct. 

Nafe and Drake (1957, p. 525-526) noted 
that when their seismic data for velocity vs 
depth are plotted with Laughton’s curve from 
studies of artificial compaction of calcareous 
ooze, Laughton’s curve forms a lower boundary 
for their data; thus all their sediments have 
higher velocities than Laughton’s at the same 
depth. The big problem in relating laboratory 
consolidation studies to field relationships is 
that of time. Primary laboratory consolidation 
occurs in a matter of hours, or days; deep-sea 
sediments are consolidated in thousands and 
millions of years. This means that an “uncon- 
solidated” sediment in an ocean basin has 
plenty of time to form strong intermolecular 
bonds as well as to progress in incipient lithifi- 
cation because of chemical effects. A sediment 
in place should, therefore, always have a higher 
velocity than the same sediment, removed, dis- 
turbed, and artificially consolidated. 


i 
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CONCLUSIONS 


Expectable Consolidation and Lithification in an 
Area of Clay Deposition 


In an ancient ocean basin whose depth, tem- 
perature of bottom waters, and other factors 
have caused continuous deposition of clay, the 
following sequence of events should normally 
be expected: 

The slowly deposited clay follows the ex- 
pectable consolidation for clay previously dis- 
cussed. As the intergranular pressures build up, 
and with pore-water excess pressure equal to 
zero (the hydrostatic case), the material consoli- 
dates along the lines shown in Table 1 and Fig- 
ure 2. In the slowly consolidating sediment de- 
crease in porosity to pressures around 50 kg/ 
cm? is relatively fast because of mechanical re- 
arrangement of grains and expulsion of most of 
the free pore water and much of the adsorbed 
water around the grains. When the porosity is 
between 35 and 45 per cent contact between 
grains should start lithification of the sediment 
and mechanical deformation of grains, solution, 
recrystallization, and other chemical changes. 
In short, at porosities between 35 and 45 per 
cent, the sediment is no longer a loose aggregate 
but may have started to lithify and become a 
rock. It is significant that the upper porosities of 
shale are in the 35-45 per cent range. 

Table 1 and Figure 4 show that a porosity be- 
tween 35 and 45 per cent is reached at depths 
between 150 and 700 m (depending on chemical 
factors and grain densities); Figure 4 also in- 
dicates that the probable average depth to 
lithification is nearer 300-400 m. 

People familiar with seismic research at sea 
will immediately recognize that almost every- 
where a top layer of low-velocity material lies, 
on the average, within the limits noted above. 
The work of Hill (1952; 1957), Hersey et al. 
(1952), Officer (1955), Katz and Ewing (1956), 
Nafe and Drake (1957), and others indicates 
that there is a fast changing positive-velocity 
gradient in deep-sea sediments to around 300 
m, below which the gradient is less. Nafe and 
Drake (1957), in a special study, noted the 
common occurrence of refraction and reflection 
horizons at depths from 400 to 800 m in 
Atlantic sediments. In a recent excellent 
Paper concerning seismic exploration in the 
Atlantic and adjacent seas, Ewing and 
Ewing (1959) noted transformation to shear 
waves and refraction and reflection horizons 
which they presume may have taken place 
from semiconsolidated layers within the sedi- 
ment column. In the Arctic Basin, Crary and 
Goldstein (1957) noted reflection arrivals from 


depths of 250-300 m, where the average interya| 
velocities are 2.04 km/sec. In the Pacific, jn 
the northeast red-clay area, Raitt (1956) noted 
an average first-layer thickness of 290 m; in the 
east-central Pacific calcareous area the thick. 
ness is 330 m. Shor (1959) showed a reflection 
horizon in the same area at depths between 20i 
and 300 m. Gaskell, Hill, and Swallow (1958 
showed, in all oceans investigated, the presence, 
or probability, of a topmost layer of low ve. 
locity. In many areas there are thicker section; 
of presumed unlithified material of 1 km o 
more. In all but a few of these determinations 
the writers do not exclude the possibility of 
masked layers in the sediment column, and 
further exploration may well show shallower 
reflecting horizons. 

The presence, in all the ocean basins, of a 
topmost layer on the order of 300 m in thick- 
ness, can hardly be the result of chance. It is 
important evidence on the possible depths to 
lithification previously discussed, and is prob- 
ably the expression of a universally valid phe- 
nomenon. 

Throughout geologic time a sediment column, 
in an area of slow deposition and consolidation 
would have, at the top of the column, about the 
same thickness of unlithified material. This 
thickness will ordinarily be on the order of 150- 
700 m. A natural consequence of this would be 
that the lithified portion of the column (the 
second layer) would gradually increase in thick- 
ness while the topmost portion remained fairly 
constant in thickness. This postulate (and pre- 
diction) of normal consolidation and lithifica- 
tion is illustrated in Figure 8 which is a seismic 
section across the deep basin east of the Mar 
quesas and up onto the Southeastern Pacific 
Plateau. This single environment of calcareous 
deposition has a first-layer average thickness 0! 
240 m (range in five stations: 200-280 m), but 
the second layer of presumed lithified materia 
ranges from 730 m to 1590 m. 

If the above hypotheses on lithification are 
correct what would be the normally expectable 
velocities at depth in a post-Cretaceous, not- 
calcareous clay-shale section? Study of the lab- 
oratory work of Laughton (1954; 195%), 
Shumway (1956; 1958; 1958, Ph.D. thesis, 
Univ. California), and Sutton ef al. (1957) it: 
dicates that the sediment surface should have 
a velocity of about 1.5 km/sec. If a conversid 


of clay to shale at 300 m is assumed (available « 


data indicate that this is a reasonable mediat 
figure) then a study of Figure 9 indicates that 
at 300 m, the velocity should be about 2.1 km 
sec; this would yield an average velocity in the 
first 300 m of about 1.8 km/sec (although thi 
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gradient is not a straight line). Inasmuch as 
the velocity increases with depth in the lithified 
portion of the section, the average velocity in 
this section will be dependent on its thickness. 
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FicurE 9.—VaRIATIONS OF VELOCITY wiTH DEPTH 


Shale sections (Faust, 1951; West, 1950) and 
unlithified sea-floor sediments to 300 m (Nafe 
and Drake, 1957) compared with seismic-refraction 
information of Officer and Ewing (1954) and Ewing 
and Ewing (1959). These field determinations are 
‘ontrasted with laboratory experiments on terrige- 
tous mud (Laughton, 1957). 


With the above hypotheses in mind one can 
predict the results of seismic exploration in a 
thick section of noncalcareous post-Cretaceous 
‘lt-clay material as follows: 

(1) An upper, relatively unlithified section 
will range in thickness from 150 to 700 m and 
average about 300-400 m; in this section the 
velocity should be about 1.5 km /sec at the top 
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and 2.1 km/sec at the bottom; average velocity 
should be on the order of 1.8 km/sec. 

(2) The lower, lithified section of clay shale 
varies widely in thickness because it is being 
added to at the top by the upper layer, which 
maintains a relatively constant thickness. In 
this lower layer the average velocity will vary 
according to the thickness of the layer about 
as follows (derived from Figure 9 by taking an 
average between the Eocene and post-Eocene 
lines) : 


Thickness of . Velocity at | Average 
Velocity at 
econd layer ‘ bottom velocity 
top (km/sec) (km/sec) | (km/sec) 
500 2.10 2.41 2.20 
1000 2.10 2.58 | 2.34 


Most velocity figures for the second layer that 
appear in the literature are valid for only the 
top of that layer. 

Any calcareous material will cause the ve- 
locity to be higher; these estimates are for a 
clay-shale section only. 

An almost ideal realization of the above pre- 
dictions is shown in Officer and Ewing (1954). 
In two sections across the continental shelf 
and slope, and into the deep-sea basins, they 
record increasingly thick sections of “uncon- 
solidated sediments.”’ We see in these sections a 
topmost section ranging in thickness from 60 
to 580 m (average of 343 m) and with an aver- 
age velocity of 1.73 km/sec; the second layer 
ranges in thickness from 40 to 2870 m. 

In the recent paper by Ewing and Ewing 
(1959), which was published after the above 
predictions were written and submitted for 
publication, there are several areas that possibly 
illustrate these relationships. A summary of 
these areas follows: 


Average Average 
ge 
first layer second layer total 
A | thick- 
rea ness 
| Ve- Ve- 
| "nese locity | 
cm m 
(km) | sec) (km) aa 2) (km) 
Western Atlantic (Sta- | 0.32 | 1.70] 0.88 | 2.16] 1.20 
tions G-10, 12, 13) 
Western Atlantic (Sta- | 0.44 | 1.62 | 1.09 1.82] 1.53 
tion A-157-29) 
Greenland Sea (Sta- | 0.57 | 1.79 | 0.95 | 2.23 | 1.52 
tion F-4)* 
Norwegian Basin* (Sta-| 0.29 | 1.75 | 0.70 | 1.94 | 0.99 
tions F-7, 9) 


* Higher-velocity layers are present below these two layers 
(Ewing and Ewing, 1959, p. 296, 311). 
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Ewing and Ewing (1959) believe that the 
second layer is semiconsolidated sediment; the 
term “semiconsolidated” was used by these 
writers to indicate partially lithified material. 

The velocities at the tops of the second layers 
determined by Officer and Ewing (1954) and 
Ewing and Ewing (1959), discussed above, are 
plotted in Figure 9. They are close to the in- 
dicated curves for shale, much closer than to 
the velocities expected at depth in an unlithified 
section of terrigenous mud as shown by 
Laughton’s curve (Fig. 9) which has been con- 
verted from pressure to depth. 

An excellent paper by Officer (1955) con- 
cerning a reflection profile in the Atlantic 
abyssal plain at a water depth of 5.1 km also 
illustrates the above concepts. Officer found 
the velocity in the upper 100-150 feet of sedi- 
ment to be lower than that in the bottom water; 
a prominent reflector occurred at a depth of 357 
m, and Officer stated (p. 275) that it was pres- 
ent on all deep-sea profiles examined to date. 
The average velocity in this upper 357 m was 
1.7 km/sec. The lower part of the column was 
663 m thick and had an average velocity of 2.2 
km/sec. 


Expectable Consolidation and Lithification in an 
area of Calcareous-Ooze Deposition 


Calcareous-ooze deposits should consolidate 
along the lines indicated in Table 2 and Figure 
2. A relatively rapid decrease of porosity under 
accumulating intergranular pressures to values 
around 60 per cent should occur where the 
pressure is about 19 kg/cm*. At greater pres- 
sures the porosity decrease is much slower than 
in a clay deposit. During this consolidation, 
after pressure has caused a grain-to-grain con- 
tact, pressure-point solution, reprecipitation, 
and other chemical effects should cause the 
ooze to lithify. This cementation and recrys- 
tallization would continue after consolidation 
and result in further reduction of porosity. 
After lithification, however, a limestone does 
not continue to decrease in porosity because of 
increased overburden pressures as is the case in 
shale sections. 

The more important factors governing depth 
to lithification in a calcareous section should 
normally be the same as those involved in 
lithification of clay into shale: pressure, chemi- 
cal factors, and age. Inasmuch as calcareous 
material is more readily altered than most 
other sedimentary materials, the depths to 
lithification in a calcareous section should be 
about the same as in a clay section (150-700 m) 
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or perhaps less. The thickness of the first laye, 
in the Northeast Pacific red-clay area average 
290 m (range 170-450 m); in the East Pacifx 
calcareous area south of the equator the firg 
layer averages 260 m (range 200-340 m); in the 
Equatorial area of maximum accumulation oj 
calcareous material (Arrhenius, 1952) three sta. 
tions indicate a first-layer average thickness of 
490 m (range 380-570 m). All these thicknesses 
are within the previously discussed approximat: 
general range of 150-700 m; the increase 
thickness under the Equatorial current area 
thus require no special explanation although 
increased rates of deposition are probably a 
factor, because age is a factor in degree of lithi 
fication (Faust, 1951). 

The discovery that foraminiferal limestone 
derived solely from the lithification of cal- 
careous ooze has velocities ranging from 1.8 to 
5.5 km/sec indicates that many of the velocity 
values determined by seismic work at sea might 
be explained by normal deposition, consolida- 
tion, and lithification. The literature on veloc: 
ties of sound in rock indicates further, as pre- 
viously discussed, that values between 5.5 and 
6.5 km/sec also can be explained by low-po- 
rosity beds of these normal deep-sea deposits 
of calcareous ooze that have been lithified to 
form low-porosity limestone beds. 


Composite Sections of Clay and 
Calcareous Sediments 


If the highest velocity expectable in a shale 
section is approximately 4.5 km/sec then one 
has to explain the high velocities found in many 
places under some present areas of red clay. 
These velocities range from 4.5 to 6.04 km/se 
in the northeast Pacific Basin (Raitt, 1956) 
The simplest supposition here is that the lower 
layer is composed of foraminiferal limeston 
lithified from oozes deposited during a forme 
time of calcareous deposition in the area. 

The deposition of calcareous ooze in the deep 
sea probably began with the evolution of th 
planktonic Foraminifera in the Late Mesozoic 
although earlier deposition of coccolith-tié 
sediments is possible (Bramlette, 1958). Th 
paleontologic record on land has indicated thi 
blossoming of planktonic faunas for some tim 
but only in the last 10 years has sampling er 
that ancient deposits were truly present in 
deep-sea areas. Upper Cretaceous plankton} 
material was cored at the base of a flat-toppé 
seamount in the Central Pacific, and pure, @ 
contaminated lithified and unlithified Paleoc 
and Eocene deposits of Globigerina ooze W 
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dredged and cored on the tops of several of the 
fat-topped seamounts (Hamilton, 1956b). 
Coring in both the Atlantic and Pacific deep-sea 
areas has shown that Tertiary calcareous ma- 
terial in some places is near or at the surface. 
We thus know that these planktonic Foraminif- 
era were collecting on the sea floor as pure 
deposits of calcareous ooze during the late 
Cretaceous and early Tertiary. The argument 
for a wider distribution of calcareous ooze 
during the Late Cretaceous and Early Tertiary 
than today has been discussed by a number of 
writers, as noted below. 

Flint (1957, p. 488) summarized the data on 
the cooling climates on land and thought that 
the evidence showed a secular cooling that had 
been under way since the Eocene. This is in 
agreement with Durham (1950, p. 1252-1260) 
who thought it probable that the 18.5° C. 
isotherm in the sea was in the vicinity of Lat. 
3° N. during the Late Cretaceous. During 
the Paleocene and Eocene the 20° C. isotherm 
was probably north of Lat. 49° N.; from the 
Eocene to the Pliocene it shifted southward, 
possibly with minor fluctuations, to its present 
position. Studies by Emiliani (1954) of the 
temperature of Pacific bottom waters and the 
probable temperature of polar waters during 
the Tertiary are in agreement with the evidence 
from the continents. In brief, during the Late 
Cretaceous and Early Tertiary, tropic and semi- 
tropic conditions existed far to the north and 
south of their present position, polar waters 
were much warmer than today, and conse- 
quently the bottom waters of the oceans, which 
depend on sinking polar waters for their basic 
temperature, were much warmer than at the 
present time. A slow cooling of the bottom 
waters during the Tertiary accompanied a 
similar cooling of the polar water as the semi- 
tropic climates moved back toward the equator. 

The factors causing deposition and accumula- 
tion of calcareous ooze are not yet completely 
understood, but two of the primary factors are 
depth and temperature of the bottom water; 
colder water, rich in COs, is more likely to dis- 
‘lve the calcareous material on the bottom. 
These problems were thoroughly discussed by 
Revelle and Fairbridge (1958). If Late Cre- 
laceous and early Tertiary bottom water was 
Warmer and perhaps slightly shallower, the 
areal extent of calcareous ooze deposition was 
probably much greater than today. 

Daly (1944, p. 1388-1389) postulated that a 
yer of calcareous material 500-600 meters 
thick lay over most of the area of present vol- 
tanic islands in the Pacific and that this ex- 


1417 


plained the presence of the necessary calcium 
carbonate, which, when mixed with the basalt 
magma of the incipient islands, yielded the 
proper chemical constituents to produce melilite 
and nepheline basalt. In discussing this idea, 
Macdonald (1949, p. 1585) agreed that the evi- 
dence was good for a wider distribution of 
calcareous ooze in the time before the islands 
broke through the sediment surface during the 
Tertiary; he thought that limestone assimila- 
tion was not necessary to the production of the 
high calcium rocks, but that it may have taken 
place and, if so, furnishes a ready explanation 
for the high-calcium rocks. 

Direct evidence of the wider latitudinal 
spread of calcareous deposits in the Tertiary 
was obtained by Arrhenius (1952, p. 195) who 
made a thorough study of the transitional area 
from calcareous ooze to the clay of the north- 
eastern Pacific at about Lat. 8° N. He found 
that in the Tertiary the compensation surface 
(ooze-clay boundary) dips to the north and is 
older the farther north it is found. 

In summary, then, if during Middle Creta- 
ceous to Tertiary time deposition of planktonic 
calcareous material began and was much more 
widespread than today, a bed of calcareous- 
ooze limestone of high velocity probably un- 
derlies much of the north Pacific red-clay 
areas. This bed should be much thinner in the 
north than the south to reflect the southward 
movement of the isotherms as the climate 
cooled during the Tertiary; it should crop out 
at the present boundary between clay and ooze 
deposits and should dip north. 

An important aspect of the above situation 
is that this bed of Cretaceous-Tertiary calcar- 
eous ooze should overlie any clay beds de- 
posited in the ocean basins from the formation 
of the basins to the Late Mesozoic. 

What would be the seismic picture in an 
ancient ocean basin in which clay had been 
deposited from formation of the basin to the 
Middle Cretaceous, calcareous ooze from 
Middle Cretaceous to sometime in the Tertiary, 
and then, because of cooling of the bottom 
waters (and possibly greater depths caused by 
more water volume, isostatic adjustments, and 
other factors), a return to clay deposition? Fig- 
ure 10 illustrates a simple seismic model of 
this situation as it might have occurred in the 
northeastern Pacific. The early clay deposits 
have been lithified into a shale, and the calcar- 
eous ooze lithified into a deep-sea foraminiferal 
limestone; above the limestone layer lies un- 
lithified sediment that could be calcareous ooze, 
clay, or mixtures of the two. 
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If it were supposed that only red clay lay 
above the limestone then such a supposition is 
in question because of the thicknesses of origi- 
nal deposits required and the probable rates of 
deposition of red clay (Roger Revelle, personal 
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This model illustrates: (1) the second-layer 
velocity is from the top of the second layer, (2) 
owing to Snell’s Law no refraction occurs in the 
third layer, and (3) ray paths with and without a 
third shale layer. 
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communication): at the highest rate of deposi- 
tion of red clay (about 0.5 cm/1000 years) any 
section now more than about 300 m thick 
would require more than 100 million years of 
original deposition, (see Table 4), which would 
be before the known advent of the planktonic 
Foraminifera which probably initiated the ex- 
tensive deposition of calcium carbonate in the 
deep oceans. 

Although calcareous ooze has a slightly higher 
velocity than clay, this difference is not notice- 
able nor used in present-day seismic work; a 
common velocity is usually used in both red- 
clay and ooze areas; thus all we can say about 
the top of the second layer is that the velocity 
could indicate limestone, but this does not 
mean that the material immediately above the 
high-velocity material is clay; a layer of un- 
lithified calcareous materia] could lie above the 
high-velocity horizon, as is the case in the cal- 
careous areas. Therefore the material above 
the presumed limestone layer is likely to be 
both calcareous ooze and red clay and mixtures 
of the two; it did not necessarily lithify at the 
exact boundary between the two materials. 
Consequently the rate of deposition of the ma- 
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terials above the presumed limestone layer wasirhe pre: 
likely to be, on the average, higher than forhhe resul 
clay alone—more nearly in the range of 0.15hpilities 


cm/1000 years. uggestic 


atlier (f 

TABLE 4.—THICKNESSES OF ORIGINAL Accumun.fectable | 
TION NECESSARY TO CONSOLIDATE TO PRespyr these 
THICKNESSES IN A CLAY-SHALE SECTION The ak 

A transition from clay to shale is assumed to pi deduc 
take place at 300 m. Significant difference is slight 5 that t 
if this transition is not assumed; the consolidation = 
curve for clay shows an original cumulative thic- amewhe 
ness of 3500 m required to consolidate to a present i sedime 
thickness of 1500 m, whereas, with the assumption, pouth (a 
3600 m is required. This table (down to 2000 m)is prea), OV 
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A refraction profile shot above this layerei Ldenie 
section would have a ray refracted along the mounts a 
top of the limestone layer at the speed of the ately 4 
lower, high-velocity layer. The next refractll 
ray would be in the basalt, because the shale}. .;. det 
having a lower velocity than the overlyiig}....) we 
limestone, would not refract a ray back to th}. cilia 
surface (Snell’s Law). With the assumed ve ‘elocity ; 
locities and thicknesses shown in Figure lh). type 
computations indicate that the section woult agic apro 
be thicker by 30 m than would be the case ifal he Creta 
the material between the sediment and thet 109 fath 
basalt were of 5.5 km/sec velocity. Pacific St 

The above supposition of a relatively tl);. apro 
limestone layer overlying a lithified clay depos hickness 
is important for the geochemical balance. Aeyer thic 
bar to supposing that the second layer Sajcity , 
limestone is that the geochemical baland verage t! 
could not permit that much calcareous matetid}... i. sig 
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e present suppositions satisfy this demand, 
1aN forbhe results of seismic work at sea, and the prob- 
of O.J5pbilities of historical geology. The alternative 
uggestion of Revelle (1954, p. 328) that these 
plier (pre-Mesozoic) deposits are not now de- 
umuts.fectable by seismic means appears to be correct 
ESENr fi these suppositions are true. 

10x | Theabove hypotheses require that a number 
pi deductions be checked from field work. One 
s slight S that the underlying calcareous layer in the 
rtheast Pacific fades out and disappears 
© thic. fmewhere to the north and that the thickness 
{sediments (layers 1 and 2) is greater to the 
kouth (and into the East Pacific calcareous 
10 m) i brea), owing to the faster rate of deposition of 
kalcareous ooze than red clay. Data available 
bre insufficient to prove this, but the following 
information may be indicative: 

‘kness | In the Northeast Pacific red-clay area at 
lat. 35° N., the total thickness of layers 1 and 
™ bis 700 m (Gaskell et al., 1958, Station 8). 

——= South of this station, but still in the red clay 
brea, the total average thickness is 1110 m 
Raitt, 1956, Mid-Pacific Stations 1, 2, 3, 4, 6, 
i; Lat. 9°-27° N.). In the Eastern Pacific equa- 
torial area of maximum accumulation of cal- 
fms material the total thickness of layers 1 

nd 2 averages 1499 m (Raitt, 1956, Mid- 
Pacific Station 5, Capricorn Stations 24, 25). 
In the calcareous area south of the equator the 
total average thickness is 1350 rm (Raitt, 1956; 
Capricorn Stations 18, 19, 20, 21, 22, 23; Lat. 
F-15°S.). 

Thus the little information presently avail- 
bble indicates a progressive average thickening 
of the sediment column (layers 1 and 2) to the 
fouth as expected. 

Raitt has shown that the seismic velocity of 
holcanic material commonly found on sea- 
mounts and around volcanic islands is approxi- 
mately 4.0 km/sec. The areas around most 
danic islands probably contain much vol- 
fanic detritus, if not actual flows. This ma- 
terial, mixed with lithified sediments, would 
hot ordinarily be separable on the basis of 
‘locity determinations alone. An example of 
his type of area is undoubtedly the archipe- 
agic apron around the Mid-Pacific Mountains, 
he Cretaceous islands now sunk to depths of 
100 fathoms. Three of Raitt’s stations (Mid- 
7 Pacific Stations 10, 11, and 12) were shot on 
fie. his apron and show an average first-layer 
Poickness of 0.39 km and an average second- 
: is ayer thickness of 2.33 km (in which the seismic 
salanel elocity was about 4.86 km/sec) for a total 
oral 28° thickness of 2.72 km. This total thick- 
hess Is significantly greater than for the aver- 
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ages of the Northeast Pacific red-clay area and 
the East Pacific calcareous area (previously 
cited) and bears out the opinion of Menard 
(1956) that the aprons around such ancient, 
eroded islands should be composed of sediments, 
pyroclastics, and volcanic flows and should be 
much thicker than sediments of the deep sea. 

After the publication of Raitt’s (1954) seismic 
survey of Bikini and Sylvania, Emery et al. 
(1954, p. 131) noted (see Fig. 1): 


“Raitt’s work, however, while clarifying certain 
relations has raised another problem for which at 
the present time there seems to be no satisfactory 
solution. His cross sections, showing the presence of 
materials of higher sound velocity (basalt) near the 
margins of the guyot were confirmed by dredging 
but in the central parts of the guyot his sections 
indicate from several hundred to several thousand 
feet of material with a sound velocity comparable 
to that of the unconsolidated limestones capping 
Bikini.” 


The discovery on Sylvania of partially phos- 
phatized lower Eocene Globigerina ooze 
(Hamilton and Rex, 1959), which is almost 
identical to that of samples 3, 4, and 5 of this 
study, from the guyots of the Mid-Pacific 
Mountains, indicates that this material was 
being deposited on the surface of Sylvania 
during early Tertiary and furnishes a ready 
explanation for the velocities shown by Raitt 
(about 2.45 km/sec); Raitt’s supposition that 
this material could be calcareous sand and 
volcanic material is thus probably entirely 
correct; the material probably is _lithified 
planktonic Foraminifera and, possibly, vol- 
canic rocks. 

A third typical composite section of clay and 
calcareous ooze should be found in the east- 
central Pacific and other areas where calcareous 
ooze is now being deposited. If a pre-Mesozoic 
ocean basin occurred in the east-central Pacific 
(as is probable) clay must have been deposited 
to the Middle Cretaceous and calcareous ma- 
terial from then to the present. A clay-shale 
layer undetectable by seismic means probably 
underlies the present calcareous sediments. 


SUMMARY 


There is a very important job to be done in 
computing the volume of sediments presently 
in the ocean basins of the world. To do this 
properly a much more comprehensive seismic- 
survey coverage of the ocean basins is needed; 
the surveys will have to be classified by en- 
vironment into basins, ridges, continental 
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shelves and slopes, and similar areas that con- 
tain varying thicknesses of sediments because 
of their location and sedimentary history. More 
important, it must be decided whether or not 
the second layers are the lithified equivalents of 
the first layers and/or other, different, sedi- 
ments deposited under different conditions. 

A deep-sea clay should consolidate along the 
expectable lines for a clay, as presently under- 
stood in soil-mechanics theory. A relatively 
fast decrease in porosity should take place, 
under the buoyant weight of the mineral grains, 
to depths of the order of 150-700 m where, 
with porosities less than 45 per cent, the sedi- 
ment starts to lithify into shale, and seismic 
results should show a marked increase in ve- 
locity and conversion to shear waves. The 
velocities of the elastic compressional wave 
should not be higher than about 4.5 km/sec in 
a shale section derived from a low calcium car- 
bonate clay and will usually be much lower. 

A calcareous-ooze deposit should consolidate 
along the lines expected of a sandy silt or a silty 
sand; porosity decrease should be much slower 
than in a clay section, so that at the same 
depths an unlithified calcareous section always 
will be more porous than a clay or silty-clay 
section. At about the same depths as indicated 
for shale (150-700 m) the ooze should lithify 
into a limestone because of pressure, age, and 
chemical factors; the depth to such a layer is 
probably indicated by the seismic work of 
Raitt (1956) in the east-central Pacific (200- 
600 m). The discovery that foraminiferal lime- 
stone derivéd solely from the lithification of cal- 
careous ooze has velocities ranging from 1.8 
km/sec to 5.5 km/sec at room temperature 
and pressure, plus literature values, indicates 
that most of the high-velocity values deter- 
mined by seismic work at sea might be ex- 
plained by normal deposition, consolidation, 
and _ lithification. 

Geologic history indicates that the distribu- 
tion of calcareous deposits during the late 
Cretaceous and Early Tertiary was probably 
more widespread than today; depositional 
changes from calcareous material to clay might 
explain some seismic sections where present 
red clay overlies a second layer of high velocity. 
The view has been expressed that the second- 
layer material cannot be limestone because the 
geochemical balance cannot tolerate that thick- 
ness and volume of calcareous material. An 
examination of possible seismic models in an 
ancient basin (e.g., Fig. 10) indicates that the 
high velocities of a second layer are from the 
top of such a layer, and there is no evidence 
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that the reported thickness of this layer js aj _ sta 
of the same composition. On the contrary 325 
probable depositional history indicates that 
lower, undetectable layer of clay shale is like Ger 
to be present in many areas. Thus, it js mCrary, / 
longer tenable to suppose that the secon stu 
layer velocity cannot indicate limestone by 
cause of the geochemical balance. illus 

The concepts of this paper will not apply t{ — Soc. 
all sections measured seismically in the oceans Dickinse 
As more and more evidence is derived about th 
sea floor, generalizations are likely to be up p.4 
tenable. Near volcanic islands and _ ancien{Durham. 


drowned islands, the sediments of the archi . tl 
pelagic aprons are likely to be thick and com Emery, 
posed of pyroclastics, erosional debris, lav diag 
flows, and clay and organic material settling _ relat 
from the upper waters. The seismic picture ij, 60) 
undoubtedly complicated in many areas (in ~* 
cluding the deep sea) by volcanic effusiong pt. ; 
building up into seamounts, seaknolls, or inf 260- 
truded into the sediment column; fracturegZmiliani, 
zones and areas of slumping and lack of ac Tert 


cumulation are further complicating problem#fricson, 
Each area must be studied as an entity. Th 


thickness and composition of the sediments  Atla 
the deep-sea floor will never be exactly know ree 
until holes are drilled in selected areas; un wae 8 
that time we can only use the best indireg meas 
evidence available and consider all alternative} in th 
The thickness of sediments in an anciet — 
deep-sea basin is probably the total thickn wing, J. 
of the upper unconsolidated layer and the lowe] ward: 
higher velocity layer; in short: the total thicy in tl 
ness of layers 1 and 2 of seismic literature} g,., 
measurement of sediment thickness at alg 942 
time horizon of the past, or future, shoulfwing, M 
show about the same “anomalously thin” valu re 
for the topmost part of the slowly consolidatin Geop 


sediment. The presence of intermediate velocitfraust, L, 


layers between the “unconsolidated” sedimeq depth 
and the basaltic basement rock can thus be 
plained in many areas as normal, expect — : 
consolidation and lithification of the pres]  stract 
types of sediment in an ancient ocean basin} City, 
this is true then the geochemical balance calli “ee 
for large amounts of solids on the sea flog. 1) 
recent seismic discoveries in the ocean ba 1958, 
and the consolidation theories of soil-mechang Cuaui 
engineering fall approximately into line. — 
251, p 
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The question of hydrostatic uplift (buoyancy of 
Bae grains due to Archimedes’ principle) is im- 
rtant in computing pressures within the sediment. 
The submerged weight of the grains (the inter- 


franular pressure) is less if uplift is figured; this 


pressure is independent of the depth of the water as 
png as free movement of the water can take place 
) that the excess pore-water pressure can become 


ipeto. The rate of pressure changes in the pore water 


lepends primarily on the permeability of the sedi- 
ment or rock and resistance of the grains to defor- 
mation and repacking (Emery and Rittenberg, 
1952, p. 761). All sediment is permeable, and even 
unfractured rock cannot be regarded as impervious 
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periods of time the pressure adjustment is made 
0 the hydrostatic case (excess pore-water pressure 
qual to zero), which is the situation in most oil-field 
reservoirs (Levorsen, 1954, p. 386). 

In 1936, Terzaghi studied hydrostatic uplift in 
blastic clays and concrete and came to several im- 
portant conclusions: (1) test results disclosed that 
kn increase in pore-water pressure (above the nor- 
mal hydrostatic pressure) produced no measurable 
kompression of a clay or of concrete regardless of 
¢ compressibility of the material, (2) tests on a 
stiff, plastic Tertiary clay showed that hydrostatic 
uplift was 95-99 per cent effective despite low per- 
meability of the clay, and (3) in concrete with 
porosities as low as 13 per cent, hydrostatic uplift 
Was practically 100 per cent. 

In the field of soil mechanics 100 per cent hydro- 
Matic uplift is allowed in foundation studies. The 
puestion then follows: at what point (if any) in the 
fonsolidation and consequent lithification of a sedi- 
ment does hydrostatic uplift cease to be effective, 
bnd the overburden pressure (effective in causing 
Heformation) equal the sum of the intergranular 
pressure and the pressure due to the weight of the 
water? 

Jones (1944, p. 142) noted that hydrostatic up- 


pit is effective for high void ratios but doubted that 


t is effective for low ratios (on the order of 0.1); 
he believed that when pressure is calculated hydro- 
atic uplift should be figured for the high porosities 
pnd none for the low, with some intermediate figure 


ig the moderate ratios. Skempton (1953, p. 52) 
#ought that hydrostatic uplift is effective down to 


t least 3000 feet depth or to about 100 kg/cm? of 
btergranular pressure. Hedberg (1936), in com- 
puting overburden pressures for Venezuelan shales, 
msidered that no effective hydrostatic uplift 
Pccurred. 

Skeels (in LeRoy, 1950) amassed a great deal of 
fata on the variations of density and porosity with 
fepth in shale sections; the relationship of porosity 
ith depth in shale is thus well known. This poros- 
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A. Hyprostatic UPLIFT 


ity reduction could be a consequence of the sub- 
merged weight of the mineral grains (allowing for 
hydrostatic uplift) or could be due to the weight of 
the minerals and the water. The writer made an 
e-log » plot for both contingencies and computed 
the depth-porosity-pressure relationships. Figure 3 
illustrates the pressure-porosity relationships for 
Skeels’ data with and without hydrostatic uplift and 
for red clay and Globigerina ooze with hydrostatic 
uplift; Figure 4 shows the depth-porosity relation- 
ships for Skeels’ shale, red clay, and Globigerina 
ooze with hydrostatic uplift. In oil-field reservoirs 
pressures are usually hydrostatic and not the com- 
bined pressure induced by the weight of the rock 
and the water. In some sealed reservoirs the pres- 
sure is that of the rock and the water (Levorsen, 
1954). This indicates that in normal situations the 
pressure induced at any level in a rock section does 
not include the weight of the overlying water as 
effective pressure on the mineral grains which would 
cause consolidation. Somewhere near the bottom of 
a thick shale section, where the porosity is very low, 
hydrostatic uplift may not be effective, but the 
writer thinks that the higher porosity sections with 
which this study is concerned should be considered 
to have effective hydrostatic uplift of the mineral 
grains. For the purposes of this paper all pressures 
are computed with full hydrostatic uplift unless 
otherwise stated; this is the minimum case in ex- 
plaining high seismic velocities because velocities 
are likely to be higher with higher pressures. 

Many investigators have noted that porosity 
does not vary appreciably in the uppermost layers 
of many sediments in the sea (Shepard and Moore, 
1955, p. 1580; Arrhenius, 1952) or in clay layers 
under foundations. Terzaghi (in Skempton, 1953) 
noted clays that could support loads up to about 
0.1 kg/cm? before the sediment structure collapsed 
and deformation began. Terzaghi considered that 
this phenomenon is due to the intermolecular bond- 
ing in clays in areas of slow deposition resulting in 
a structure that could support small loads; therefore 
little consolidation and reduction occurred in poros- 
ity to shallow depths. 

The porosity-depth curve for Tertiary sediments 
and shale of the Gulf Coast (Dickinson, 1953) is 
close to the computed curve for clay (grain density 
of 2.70 gr/cc) with 100 per cent hydrostatic uplift 
(Fig. 4). These Gulf Coast sediments and rocks 
were deposited in continuous sequence without 
major unconformities and usually have a “normal” 
(hydrostatic) reservoir pressure. The position of the 
curve (Fig. 4) and the reservoir pressures argue for 
full hydrostatic uplift of the mineral particles of the 
rock. Curves for shale should lie on the low-porosity 
side of those for clay: cementation should effect a 
reduction of porosity not present in clays. 
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APPENDIX B. CONSTRUCTION OF TABLES J, 2, AND 4 


In constructing Tables 1 and 2, typical proper- 
ties of deep-sea clay and calcareous ooze were used 
as starting values for the sediment at the surface 
of the present-day sea floor. Using standard soil- 
mechanics methods the tables were then constructed 
in the following manner: 

(1) Using the submerged unit weight of the sur- 
face sediment (the in situ saturated density 
minus the density of the interstitial water) the 
weight of a column of sediment 10 m high was 
computed and used for the first increment of 
interval pressure; this assumes no deformation 
in the top 10 m of deep-sea sediment, as is 
approximately true (Arrhenius, 1952, p. 90). 
Using the cumulative pressure (which is the 
same as the interval pressure for the first incre- 
ment only) the e-log p curve of Figure 2 (for 
colloidal clay or Globigerina ooze) was entered, 
and the void ratio e picked off for this pressure. 
(3) The porosity, n, was computed using the rela- 
tionship: m = e/(1 + e) 
{4) The in situ density of the sediment at the new 
void ratio and porosity was computed using the 
relationship: 


= n(Dw) + — Door, 


(2 


where Dseaq equals the in situ density of the 
sediment, D,, equals the density of the sea water 
at about 5 km depth, and D,o; equals the average 
density of the mineral grains of the sediment. 
(5) For successively deeper increments an extra- 
polated submerged unit weight for the next 
lower increment was used to find the interval 
pressure; the cumulative pressure is the addi- 
tive weights of the interval weights. 
In constructing Table 1, which illustrates the 
consolidation of a clay-shale section, the writer 
used the e-log p curve for colloidal clay (Fig. 2) 
from 0.1 to 19.5 kg/cm?. At the latter pressure 
the porosity is 41 per cent, and the depth below 
the water-sediment interface is 300 m. This is 
about the depth at which theory and actual 
upper porosities of shale sections indicate a 
beginning of lithification into shale. From 300 m 
to greater depths the e-Jog » curve for shale 
with hydrostatic uplift (computed from data of 
Skeels) was used in computing Table 1. Part of 
the shale curve is illustrated in Figure 5. The 
appearance of the curves of Figure 4 suggests 
that the above assumptions are reasonable. 
In computing Table 2 for Globigerina ooze the 
e-log p data from Laughton (1957) was used to illus- 
trate the consolidation of this typical deep-sea 
sediment. 


(6 


Clays and oozes will vary from the compute 
consolidations depending on their  individyg 
characteristics, but soil-mechanics experienc 
especially with clays (see Fig. 2), indicates that deep} 
sea sediments will vary only slightly from these de 
terminations in the upper portion of the geologi 


AH 


VOIDS 


Ficure 11.—DIAGRAM ILLUSTRATING SETTLEMEN]} 
COMPUTATIONS 


column; this variance should not be sufficient to in. 
validate the general conclusions. 

From the tables one can construct curves shov: 
ing the variations of pressure, density, and porosity 
with each other and with depth in the sediment 
(Figs. 3, 4). The writer does not think that they 
tables or figures are always valid for the deepe 
parts of the sediment column; however, they wer 
computed to a depth of 2 km and drawn so that th 
data could be compared to similar curves from othe] 
papers. 

If the thickness of a clay layer, H, is known, a 
well as the void ratio before and after consolidatior} 
it is possible to compute the amount of settlemen| 
to be expected (e.g., Tschebotarioff, 1951, p. 105 
Fig. 11). 

Settlement is computed by the equation: 


ta 
1+ 
where H equals the original thickness of a sedimeni 
layer, AH equals the amount of consolidation, « 
settlement, e. equals the original void ratio, and ¢ 
equals the final void ratio. 
It is convenient for the present investigation \) 
substitute into the equation to find H, the origind 


thickness, 
1 
a = am, 
1+ e 


where H— AH equals present thickness. 

The addition of the expanded increments (cum: 
lative H) shows approximately how much origin} 
sediment deposition was necessary to obtain at 
stated present thickness of sediments (Table 4). 
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ETROLOGY AND METAMORPHISM OF THE WILMINGTON COMPLEX, 
DELAWARE, PENNSYLVANIA, AND MARYLAND 


By Ricuarp F. Warp 


ABSTRACT 


The Wilmington complex occupies about 100 square miles in Delaware and adjacent 
Pennsylvania and Maryland and is bordered by the Wissahickon formation (lower 
Paleozoic?) and the Port Deposit granodiorite. Its southern edge is covered by Coastal 
Plain sediments. It consists of a banded gneiss comprising mafic bands of calcic plagio- 
clase, hypersthene, augite, and commonly hornblende and thick felsic bands of quartz 
and andesine with minor pyroxene. In the central portion the gneiss has been invaded by a 
granite, probably metasomatic, consisting of orthoclase, oligoclase-andesine, biotite, and 
pyroxene. To the southwest the banded gneiss grades into amphibolites. Amphibolites 
near the gneiss contain calcic plagioclase, hornblende, and traces of hypersthene. Those 
farther away are hypersthene-free, and the plagioclase is replaced in part by epidote. 
Small bodies of amphibolite within the adjacent schist show similar characteristics. 

Veins of granite, apparently related to the Port Deposit granodiorite, intrude the south- 
western part of the complex. A coarse-grained undeformed gabbro stock has intruded the 
gneiss north of Wilmington; a similar body of gabbro occurs as a group of low hills sur- 
rounded by Coastal Plain sediments. 

The relationship between the chemical composition of the rocks and the mineral phases 
present indicates that the central granite body and the banded gneiss crystallized or re- 
crystallized under granulite-facies conditions. The amphibolite near the gneiss represents 
upper almandine amphibolite facies (probably almandine-sillimanite subfacies), and the 
more distant amphibolites, having undergone greater stress, probably represent the 
almandine-diopside-hornblende subfacies. The complex is probably along the axis of 
most intense metamorphism of the Appalachian(?) Revolution. 

Structurally, the complex is characterized by the banding (S,) and foliation (S:) which 
are commonly, but not always, parallel. Structures in the complex generally parallel 
structures in the Wissahickon formation, indicating simultaneous deformation. 

Recrystallization of the mafic portion of the banded gneiss was accompanied by the 
introduction, probably metasomatic, of the felsic material. Mafic bands may be trans- 
formed into felsic bands by the introduction of Si and Na and the removal of Ca, Fe, Mg, 
and Al representing a transfer of approximately 7 per cent material by volume. This 
“potassium-free granitization” may have a definite spatial relationship to the true graniti- 
zation that produced the central granite. The origin of the mafic materials which comprise 
the gneiss and the amphibolites may have been (1) sedimentary (impure limestone); (2) 
volcanic (basaltic tuffs or flows); (3) hypabyssal (a lopolith); or (4) plutonic (a gabbro). 
Volcanic origin is tentatively suggested. If this is the case the rocks may be correlative 
with metabasalts of nearby Cecil County, Maryland, and with the Catoctin-South 
Mountain metabasalts in western Maryland, both of which underlie the Glenarm series. 
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INTRODUCTION Geologic Relationships and 
Previous Investigations lavan 
Geography d Wi 


The area of study is in the northern portion 
of the Appalachian Piedmont province, roughly 
halfway between Philadelphia and Baltimore. 
The rocks are disposed parallel to the regional 
strike from near Media, Pennsylvania, through 
northern Delaware to Elkton, Maryland (Fig 1). 

The outcrop area, approximately 100 square 
miles, ranges in altitude from less than 100 feet 
near the Fall Line to more than 400 feet along 
the divides. Exposures are good along major 
streams and their swift-running tributaries. 
The divide areas are level, and outcrops are 
scarce. However, float and boulders are abun- 
dant, and the underlying lithology may be in- 
ferred even though the structure is hidden. 
There are many quarry exposures, for the mafic 
rocks make excellent crushed stone. 

In the Fall Zone the sedimentary cover is ir- 
regular, and bedrock is commonly exposed in 
stream beds for some distance downstream from 
the uppermost sediments. For this reason the 
maps presented herein show the effective over- 
lap of the sediments, that is, the line below 
which no reliable exposures of crystalline rocks 
can be found. 


A belt of igneous and igneous-appeari 
rocks lies southeast of the Glenarm series 
tween Philadelphia and the Susquehanna Riv 


diorite at the southern end of the area asac 
posite batholith intrusive into the Gle 
series, and Marshall (1937) has described 


as a roof pendant in the batholith. In the centdlj 
of the belt lies one of the largest areas of “ 
Glenarm gabbro” of the existing geologic 
(Bascom, 1902; Bascom and others, ! 
Bascom and Miller, 1920; Bascom and St 


investigation. 
Chester (1890) described in detail the tex 


Bascom and others (1909), Bascom and Mil 
(1920), and Bascom and Stose (1932) map 
the body to be discussed herein as gabbro, U 
differentiated. The texts accompanying The c 
maps, however, refer to a wide range of ! 
position and texture. As part of an investiga 
of the composition and optical properties of 


a 
Rescribi 
a d fro 
Postel (1940) and Weiss (1947) have studied rec 
7 i detail the northeastern end of the belt. Hersh Dela 
a (1937) has described the Port Deposit granf The 
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ajor rock-forming minerals of this area being 
ne at Bryn Mawr College, specimens of the 
MKthopyroxenes (Clavan, McNabb, and 
‘atson, 1954), clinopyroxenes (Norton and 
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sists of a dark-colored bluish rock which com- 
prises alternating lighter and darker bands. 
The felsic material makes up about 75 per cent 
of the volume of the gneiss. The darker, mafic 
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Figure 1.—Location Map 
d 
avan, 1958), and hornblendes (Rosenzweig bands range in thickness from a few inches to 
md Watson, 1954) from these rocks have been _ several feet and contain approximately 50 per 


iMescribed. Ward and Groot (1957) have de- 
ibed several specimens from the complex 
iv@nd from the adjacent Wissahickon formation 
ha recent evaluation of potential quarry sites 
Delaware. 


Mickon formation immediately north and north- 


re Glenanst of this complex increases as the complex 
escribed ti approached. The adjacent schists show silli- 
, Marylanfanite grade (McKinstry, 1949) or almandine- 
n the cenlglimanite subfacies of the amphibolite facies 
of “poiyckoff, 1952) 

ologic maj 

hers, 1% 


) determine the nature and relationships of 
he rock types which make up the complex, to 

Delawatftermine the age relationships with the sur- 
and Mi 


panying The complex comprises banded gneiss, Arden 
auite, amphibolite, gabbro, and the Port 
eposit granodiorite (Fig. 2): 

BANDED GNEISS: Most of the complex con- 


inge of 
investiga! 
perties oft 


cent plagioclase to and subequal 
portions of hypersthene and augite. Replace- 
ment of pyroxene by hornblende is widespread. 
The felsic bands comprise subequal amounts of 
quartz and plagioclase (Anzy to Anso) along 
with about 10 per cent pyroxene. Hornblende 
and biotite, commonly in small quantities, are 
widely distributed. 

ARDEN GRANITE: In the central portion the 
banded gneiss grades into, or is intruded by, a 
rock which ranges from a composition near that 
of the felsic bands of the gneiss (andesine- 
pyroxene-quartz) to granite (orthoclase-oligo- 
clase-quartz-biotite). 

AMPHIBOLITE: To the south and west the 
banded gneiss grades into hornblende-plagio- 
clase rocks which lack the distinctly banded 
character of the gneiss but show considerable 
variation in the proportions of the major con- 
stituents in adjacent layers. Near the western 
end of the complex specimens occur which con- 
tain andesine-epidote instead of more calcic 
plagioclase and augite-hornblende instead of 
hornblende. Amphibolites within the adjacent 
Wissahickon formation are described and admit 
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ava ot the same twofold division as the amphibo- employing the curves of Tsuboi (1923). j ts 
s lites of the complex. possible, these were checked against values q Ses 
i GABBRO: A small stock of coarse massive _ tained by extinction angles in individuals sh feld 
¥ gabbro intrudes the banded gneiss at Bring- _ ing albite or Carlsbad-albite twinning. Ac Het 
man 
Lalo 
fects. 
Th 
the p 
more 
q orato 
other 
tion 
State 
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hurst, just north of Wilmington, Delaware. of the determinations is approximately + Ay 
Several xenoliths of mafic bands from the gneiss Important specimens were analyzed mia 
are enclosed in this gabbro near the contact. metrically with the equipment and metho§Watso 
Between Newark, Delaware, and Elkton, outlined by Chayes (1949); 1000 to 2000 poin§ (Rose; 
Maryland, are exposed four separate areas of were counted, depending upon grain size aMblende 
coarse-grained rock ranging from norite through quality of the thin section. The compositions (lava; 
pyroxenite to peridotite and serpentine. The other slides were estimated. QUA’ 
feldspar-bearing portions are largely uralitized. Six of the chemical analyses given were dotfequant 
These bodies, called the Iron Hill stocks, are at the University of Minnesota Rock Analytindulz 
completely surrounded by Coastal Plain sedi- Laboratory. The seventh was done at Mmost 
ments; consequently their geologic relation- Chemistry Department of Bryn Mawr Collegtthe bg 
ships are poorly known. The locations of all outcrops and thin sectidithyartz 
PORT DEPOSIT GRANODIORITE: The Port mentioned in the text are shown on Plate 1. Mbolor j 
Deposit granodiorite is a microcline-bearing every outcrop mentioned by number in ites , 
rock which occupies a large area southwest of text, one or more modes are given in the Megionz 
the Wilmington complex. Locally it intrudes propriate table (except G113, from which sp*ohanr 


the amphibolites ‘of the complex; it is treated mens could not be obtained). In cases Wh The 
in this report only in that connection. more than one thin section was prepared {tery 
an outcrop these are distinguished by lower-tfractiy 

Methods of Investigation letters, such as A25a, A25b, and A25c. egular 

on th 

The field mapping for this report was done Acknowledgments ions 0 
during parts of 1954, 1955, 1956, and 1957. Befracti 
Plagioclase determinations were made with I should like to acknowledge my deep $pal pI 


index oils in white light on 010 cleavage flakes, debtedness to Dr. Dorothy Wyckoff for het n the 
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923). Whi vice on all phases of the work. Dr. Edward H. 
t Values @ Watson critically reviewed many outcrops and 
uals sh feld data. Dr. H. E. McKinstry, Dr. Anna 
8- Accurd pietanen Makela, and Dr. H. R. Gault read the 
| manuscript and pointed out its shortcomings. 
alone am responsible for any remaining de- 
fects. 

The Delaware Geological Survey supported 
the project, including six chemical analyses and 
more than 200 thin sections. The field and lab- 
oratory work were done as the pressure of my 
= other duties at the Survey permitted. Publica- 
tin of the results has been authorized by the 
State Geologist of Delaware, Dr. J. J. Groot. 


MINERALOGY 


Twenty-five mineral species have been recog- 
renedori} nized in these rocks. Quartz, plagioclase, horn- 
blende, hypersthene, augite, biotite, and potas- 
‘es sum feldspar are the most significant minerals 
present and account for more than 95 per 
Fermotio, ent of all of the rocks. Epidote, chlorite, mag- 
, netite, scapolite, garnet, zircon, apatite, 
monazite, kyanite, allanite, sphene, rutile, 
calcite, muscovite, serpentine, chromite, spinel, 
and tourmaline occur in small amounts. 
Detailed physical, optical, and chemical data 
ior three critical minerals from portions of the 
complex were available to the author from five 
samples of clinopyroxene (Norton and Clavan, 
491958), five samples of orthopyroxene from the 
zed mic¥ame specimens (Clavan, McNabb, and 
d metho#Watson, 1954), and four samples of hornblende 


2000 poll(Rosenzweig and Watson, 1954). One horn- 
in sizé aM#blende is from a specimen used by Norton and 
positions ¢(lavan. 


quartz: Most of the quartz, which occurs in 
uant or slightly elongated grains, exhibits 
k Analys ndulatory extinction. Those grains showing 
ost strain are peripherally granulated. In 
e banded gneiss and the Arden granite the 
uartz appears bluish in reflected light. Such 
lor is common in metagabbros and charnoc- 
ites which occur in terrains of high-grade 
‘gional metamorphism (Turner, 1948; 
ohannsen, 1932, p. 133-137). 

ases Wh The specimens of blue quartz contain a few 


pared {tery small acicular inclusions with high re- 
lower-fractive index—possibly rutile. These show no 
C. tgular crystallographic orientation. In addi- 
ion they contain very small, irregular inclu- 

lons of an isotropic material with an index of 
#eltaction much lower than quartz, possibly 
fey pal produced by the action of trapped liquid 


n the quartz. However, neither of these ma- 
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terials seems to be sufficiently abundant to 
account for the even bluish color seen in re- 
flected light. 

POTASSIUM FELDSPAR: Potassium feldspar 
occurs in the Port Deposit granodiorite and 
associated veins as microcline which is pink or 
greenish in hand specimen and has no unusual 
microscopic characteristics. 

In the few specimens of amphibolite which 
contain potassium feldspar, it is interstitial 
orthoclase, with a large optic angle. No 
twinning has been detected. 

The Arden granite contains considerable 
potassium feldspar, which occurs in the fol- 
lowing ways: 

(1) As antiperthite in sodic plagioclase. No 
twinning has been detected in this potassium 
feldspar, and it is presumed to be orthoclase. 
Individual grains are too small to permit de- 
tailed optical tests. 

(2) As perthitic individuals of orthoclase. 
Carlsbad twinning is common, particularly in 
the large grains (1 cm or larger). The optic 
angle is large, and the extinction angle does not 
exceed 6°. 

(3) As individuals present in a few speci- 
mens, which are very similar to those of the 
second group, except that the optic angle is 
small to very small. Measurement with the 
universal stage (in white light) has revealed 
grains with (—) 2V of 8°, 41° and one in which 
no separation of optic axes could be detected. 
Within each of these grains, however, some 
variation is present which appears irregular 
rather than zonal. 

PLAGIOCLASE: Plagioclase ranges from Ani; 
to Ang. Zoning is either absent or obscured by 
undulatory extinction in most of the rock types. 
An exception occurs in amphibolites within the 
Wissahickon formation in which epidote accom- 
panies the plagioclase. In these, nearly every 
grain shows a core of more calcic composition 
than the outer portion. 

Plagioclase twinning in the banded gneiss, 
the Arden granite, and the amphibolites is 
simple and poorly defined or absent. This is 
considered typical of recrystallized plagioclase 
(Turner, 1951; Gorai, 1951). By contrast, in the 
gabbroic rocks of the Iron Hill and Bringhurst 
stocks and in the xenoliths of gneiss within the 
Bringhurst gabbro, twinning is universal, well 
defined, and in most cases complex. Examina- 
tion with a 4-axis universal stage, using the 
Rittman zone method (Emmons, 1943) and the 
Nikitin-Fedorow method (Reinhard, 1931), 
has revealed a preponderance of albite-Carls- 
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bad, albite-Ala and Manebach-Ala twins in 


tive and moderate, 50°-60° (estimated). Meas. 


plagioclase from Iron Hill. ured values (Clavan, McNabb, and Watson} (fr 
The plagioclase is fresh in all unweathered 1954, p. 576) range from 51° to 64°, with ap 
specimens except where the Port Deposit gran- average of 56°. = 
TABLE 1.—CHEMICAL ANALYSES OF HyYPERSTHENE 
(From Clavan, McNabb, and Watson, 1954; Walter Clavan, analyst) SiO. 
35-5 | 35-6 35-8 35-9 35-19 FeO; 
— = — |= |_| — — FeO... 
50.70 | 50.60 | 51.43 | 52.00 52.80 | Ms0.. 
0.05 | 0.04 | 0.06 | 0.57 0.00 {20 
1.18 1.44 | 1.39 | 1.34 1.67 | 
25.65 26.02 | 23.60 | 22.46 18.65 
20.29 | 19.49 | 20.69 | 21.62 | 24.95 
| 0.66 | 0.87 | 1.02 | 0.75 | 1.05 
| 0.06 0.07 | 0.460 | 0.46 | 0.44 
0.05 0.06 | 0.06 | 0.07 
0.22 0.28 0.32 | 0.28 0.14 
0.00 0.004 0.00 | 0.003 0.02 Tota 
0.00 0.00 0.00 0.00 0.01 
0.75 0.95 | 0.73 | 0.57 0.43 
| Ztoc. 
isis 99.78 99.99 | 99.94 | 100.26 100.26 
beta... 
| | —s1° —ss° —s7° 
| 1.702 | 1.703 | 1.699 | 1.695 | 1.685 
beta 1.711 1.713 | 1.708 1.705 | 1.695 
gamma...............| 1.716 | 1.718 | 1.713 1.710 | 1.700 
va: | 0.014 0.015 0.014 | 0.015 | 0.015 
* Specimen locations shown on Plate 1 
35-5 From mafic band in banded gneiss 4 miles north of Wilmington, Delaware 
35-6 From felsic band in banded gneiss exposed in park at Franklin and Sycamore streets, Wilmington 
35-8 From felsic band in banded gneiss at abandoned quarry on east bank of Brandywine Creek in Wiln:- 
ington 
35-9 From mafic band adjacent to felsic band from which specimen 35-8 was taken 
35-19 From boulder of mafic band in banded gneiss 3 miles north of Wilmington 
odiorite invades the amphibolite. In these in- Chemical compositions of these specimens 
stances the plagioclase of the granodiorite and (Table 1) range from  Ens5FsgWo 
the adjacent amphibolite appears to have been — EnggF’sxyWo2. 
altered to clay minerals by hydrothermal solu- AUGITE: Norton and Clavan (1958) give é 
tions. ‘ detailed account of the chemistry, optic! 
HYPERSTHENE: Five analyzed samples of properties, and internal structure of the clin} 
hypersthene (Clavan, McNabb, and Watson,  pyroxenes of the complex and associated rock 
1954) are available from the gneiss. Three are The five analyzed samples from the bande Wo, w 
from mafic bands and two from felsic bands. gneiss are from the same specimens used in th 
In thin section the hypersthene is very study of hypersthene (Clavan, McNabb, 4 Theo 
weakly pleochroic to nonpleochroic, which Watson, 1954). to 5, 
makes it difficult to distinguish from associated In thin section the augite is colorless and Clq 


augite. Thick fragments, however, have marked 
pleochroism: X is salmon pink, Y is yellow 
brown, and Z is light green. 

In all hypersthene examined 2V was nega- 


nonpleochroic or faintly pleochroic colorln ayer, 


to pale green. Even in thicker fragments, th 
pleochroism is not strong enough to perm 
determination of the pleochroic formula. 
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(From Norton and Clavan, 1958; Walter Clavan, analyst) See footnote to Table 1 for identification 


of specimen numbers. 


35-5 35-6 35-8 35-9 35-19 
| 51.03 51.00 50.17 51.55 51.43 
2.40 2.49 2.38 2.44 2.63 
1.88 2.03 3.39 2.03 1.70 
8.97 | 9.31 8.05 7.28 5.92 
13.11 12.53 | 13.22 13.65 14.83 
| 24.75 | 21.08 21.10 | 21.73 22.18 
0.43 | 0.47 0.588 0.44 
0.00 | 0.00 0.00 | 0.00 0.00 
0.24 | 0.37 | 0.18 0.26 0.31 
‘ma | 0.28 0.31 0.28 
0.00 | 0.00 0.00 0.01 0.04 
0.01 0.01 0.01 0.01 0.01 
0.35 | 0.45 0.34 | 0.24 0.19 
100.45 | 100.01 | 99.61 | 100.03 99.96 
47° | 44° | 49° 47° 48° 
43° | 40° 42° 40° 39° 
1.687 | 1.692 | 1.687 1.691 1.686 
1.691 | 1.696 | 1.691 1.695 1.691 
1703) 1.712 4747 1.714 
0.026 | 0.029 0.025 0.026 0.028 
Wo 
\ 
\ 
/ \ 
/ \ 
/ \ 
/ 
/ \ 
/ 
oi 
/ e 
Wo4s £ 
| 
£n | il Fs 


The optic angle, 2V, is positive and moderate, 
° to 55° (estimated). Values given by Norton 
‘less atfnd Claven (1958) range from 44° to 48°, with 
An average of 45°, 
ents, th Chemical compositions of the five analyzed 
o permspecimens (Table 2) range from to 
NouEnssFsio and fall in or at the edge of the 


FiGurE 3.—TRIANGULAR PLOT OF ANALYZED PYROXENES 
Wo, wollastonite; En, enstatite; Fs, ferrosilite (after Hess, 1941); Di, diopside; He, hedenbergite 


field of clinopyroxenes for which Hess (1941, 
Fig. 1) has proposed the name salite to designate 
clinopyroxenes intermediate in composition 


between diopside and hedenbergite. Hess notes 


(1941, p. 518): 


“The majority of natural occurrences of diopside- 
hedenbergite pyroxenes are from contact meta- 


| | 

a || 
-19 
1.67 
3.65 
).44 
9.09 
).02 

1.700 
0.015 
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TABLE 3.—CLASSIFICATION OF HORNBLENDES morphi 
= = iconside 
iclinopy 
Type Pleochroism Occurrence Comment betwee 
Brown-green hornblende —_‘X, pale yellow Banded gneiss | For chemical, optical orphi 
Y, yellow green | data see 35-5, Table {BWo,s.” 
Z, brown green | 
Dark-green hornblende X, yellow green Amphibolites | For chemical,  opticd otted 
| Y, light green | data see 35-31, he on 
| Z, dark green | Table 4 ines J 
pecim 
Blue-green hornblende | X, pale yellow | “Granitized” rocks For chemical, opticd The 
Y, light green data see 35-10, most 
Z, blue green | Table 4 wes 
= rade re 
Light-blue-green X, pale yellow Uralite gabbro | For chemical,  opticd snc 
hornblende Y, light green data see 35-11, yeunes 
| Z, light blue green Table 4 esult f 
Colorless Nonpleochroic Uralite gabbro No chemical data a di 
banded 
TaBLe 4.—CHuHEMICAL ANALYSES OF HORNBLENDE The 
(From Rosenzweig and Watson, 1954; A. Rosenzweig, analyst) “a 
35-5* 35-10 35-11 35-31 = 
rms 
11.24 10.43 9.48 11.54 lex are 
1.79 | 0.84 0.32 1.22 olor on 
Fe.03.. 2.87 3.90 2:33 2.87 ith the 
12.61 10.14 9.12 | 11.07 hose te 
11.98 12.52 14.43 11.89 
0.22 | 0.24 | 0.23 0.40 he extr 
11.61 12.20 | 11.93 11.83 Pear the 
1.86 | 1.60 1.16 1.45 he nort! 
0.47 | 0.78 0.15 | 0.60 
| 1.26 | 1.76 1.83 1.79 Breigan 
Pes 0.24 | 0.28 | 0.23 0.16 lable 4 
| | | | ona 
Total 101.09 99.87 | 99.92 99.65 blue-g 
| —72° | —72° —78° —78° orphic 
Ztoc 16° 18° 19° 
alpha . 1.653 1.650 1.638 1.654 PB be ap 
beta. | 1.668 | 1.662 1.652 1.666 a 
1.677 1.669 | 1.661 1.674 ations, 
0.024 0.019 0.023 0.020 The ac 
* Specimen locations shown on Plate 1 on Hil 
35-5 From mafic band in banded gneiss 4 miles north of Wilmington, Delaware Rtely a: 
35-10 From group B amphibolite exposed in White Clay Creek 1 mile east of Newark, Delaware BIOTIT) 
35-11 From uralite gabbro of Iron Hill stock exposed in Christiana Creek 2 miles south of New the co 
Delaware in 
35-31 From group A amphibolite exposed in Baltimore and Ohio Railroad cut half a mile northeast me spe 
Marshaltown, Delaware Otite is 


a 
i; 
7 
| 
= 


morphic rocks and from veins. These crystallize at 
considerably lower temperature than most igneous 
dinopyroxenes.... The boundary, therefore, 
it between salite and augite is placed at Wo,; because 
imst augites from igneous rocks contain less cal- 
cum silicate than Woy, and most contact meta- 
, Optical — and vein salites more calcium silicate than 


Table 4 


The compositions and Hess’ boundaries are 
jotted in Figure 3. The relationship between 
he augite and the hypersthene is indicated by 
ines joining the pyroxenes from the same 
pecimen. 
The clinopyroxenes of the complex are 
Imost certainly not a product of contact 
etamorphism but are rather a result of high- 
rade regional metamorphism. It is nevertheless 
ignificant that Hess does not believe that 
yroxenes Of this composition are likely to 
eult from ordinary magmatism. As with the 
rthopyroxenes, there appears to be no signifi- 
mit difference in composition between those 
pi the mafic bands and the felsic bands in the 
banded gneiss. 
The name augite is used throughout the 
present paper, not out of disagreement with 
he system proposed by Hess, but rather 
<3, prause salite is an unfamiliar term and the 
ems salitic augite or diopsidic augite are 
mbersome. 
.73 | HORNBLENDE: The hornblendes of the com- 
54 lex are classified in Table 3 on the basis of 
32 olor on Z. The specimens have been compared 
.87 Pith those of Rosenzweig and Watson (1954), 
07 hose terms have been adopted. 
.89 The blue-green hornblende is concentrated in 
he extreme southern portion of the complex 
.83 tar the Port Deposit granodiorite and along 
.45 flenorthern contact. It has been interpreted as 
sulting from alkali metasomatism (Rosen- 
Fi ig and Watson, 1954). The chemical analyses 


).16 lable 4) and geologic relationships appear to 
firm this. Seitsaari (1953), in a discussion 
).65 blue-green hornblendes from Finland, notes 
et they are indicative of lower-grade meta- 
° orphic conditions than more deeply colored 
° kneties. While both sets of conclusions appear 
|.654 be applicable to this area, these data are 
|.666 rdly a sufficient basis for any wide general- 
1.674 ations, 
).020 The actinolitic light-blue-green and colorless 


bmblendes are restricted to the uralites of the 
tn Hill stocks. The two varieties are inti- 
htely associated and gradational. 
re somite: Throughout the complex the biotite 
the common brown variety, which is found 
60 In the adjacent Wissahickon schist. In 
n€ specimens of the granodiorite the brown 
tite is peripherally altered to green biotite, 
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and in many specimens of the granodiorite, 
green biotite occurs alone. 


brown biotite: X = yellow 
Y = Z= reddish brown to dark 
brown 
green biotite: X = yellow 
Y = Z = olive green to black 


No chemical analyses are available. 

EPIDOTE: Epidote is found in some amphib- 
olites, the Port Deposit granodiorite, and the 
uralitized gabbro of the Iron Hill stock. It 
appears monoclinic and is therefore assigned to 
the clinozoisite-pistacite series except in the 
gabbro where it is orthorhombic and probably 
zoisite. 

MAGNETITE: All black, ferromagnetic, opaque 
material is called magnetite (see Vincent and 
Phillips, 1954, p. 3). All of it is believed to 
contain some titania, and some, at least, is 
truly ilmenite. 

CHLORITE: The chlorite has X = nearly 
colorless, Y = Z = pale green to blue-green. 
Anomalous blue interference colors are in the 
lower first order. These are the characters given 
for the variety penninite (Winchell, 1951). 

ACCESSORY MINERALS FROM BANDED GNEISS: 
Accessory minerals were separated from a pair 
of adjacent felsic and mafic bands in the gneiss 
(G52a, G52b); bromoform was used to remove 
quartz and plagioclase, and a Franz Isodynamic 
Separator was used to separate, as much as was 
practical, the individual minerals. Each mag- 
netic fraction was weighed on an analytic 
balance, quartered, and mounted in balsam. 
Grain counts then permitted calculation of the 
percentage of each accessory mineral in the 
total sample. Large samples were used, and 
extreme care was taken to minimize contami- 
nation. Table 5 gives the results of the sepa- 
rations. 

Minerals in the felsic band include zircon, 
apatite, monazite, and allanite. 

Zircon: colorless, zoning absent, but 20 per 
cent of individuals show outgrowths and 
embayments, indicating growth and/or partial 
resorption during one or more cycles of crystal- 
lization; mineral and fluid inclusions in all 
individuals. The only inclusions identified were 
euhedral apatite showing simple (1010) and 
(1011) forms. Zircon crystals are mostly simple 
(110) prisms with (111) terminations. A steeper 
dipyramid, probably (113), is present on many 
individuals; the rare pinacoid (001) occurs in 
at least one individual. Elongation (c/a) ranges 
from 2 to 9, with most individuals between 2 
and 3.5. 

A patite: all individuals subhedral to rounded; 


i 
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more than 50 per cent of the crystals are 
elongated parallel to c. Although no sharply 
cuhedral crystals are present, the first-order 
prism, one or more dipyramids, and the pina- 
coid can be recognized in many individuals. 


TABLE 5.—AccESSORY MINERALS FROM SPECIMENS 
OF BANDED GNEISS 


Telsic band Mafic band 


| 
Mineral | Percentage, Mineral Percentage 
ge, 


Zircon | <O.1 | Apatite | <0.01 
Apatite | <0.1 | Allanite <0.001 
Monazite <0.01 | Kyanite <0.001 


Allanite <0.001 Rutile <0.0001 
| 


Incipient basal parting (0001) is almost uni- 
versal in elongated individuals: many of the 
fragments present are broken crystals lying on 
this face. 

Acicular inclusions, opaque and transparent, 
are oriented parallel to the prism-zone axis in 
approximately half the crystals. Irregular 
opaque inclusions are present in a few indi- 
viduals, and at least two apatite crystals contain 
inclusions recognizable as zircon. 

Monazite: pale yellowish green and non- 
pleochroic; equant; crystal faces recognizable 
but not identifiable; well-developed basal 
pinacoid (001) probably common, because 
Bx,) is vertical in about one-fourth of cases: 
(+)2V < 20°. 

Allanite: brown, metaminct; birefringence, 
nil; 2 = 1.72; nonmagnetic. 

Minerals in the mafic band include apatite, 
allanite, kyanite, and rutile. 

Apatite: all grains irregular to subhedral; 
occasional prism faces (1011) recognizable. 
Two types of inclusions occur. The first are 
acicular and opaque, oriented parallel to c. 
The second are very irregular anisotropic 
inclusions occuring in parailel trails showing no 
apparent relationship to the crystallographic 
directions of the host. 

Allanite: as in felsic bands. 

Kyanite: large platy grains, colorless and 
nonpleochroic. No inclusions; (—)2V = 85° 
(estimated); Z Ac = 32°. 

Rutile: Equant, subhedral grains. The crystal 
faces present were not identified. Pleochroic in 
shades of yellow and brown. Uniaxial, positive. 
Birefringence extreme. 


BANDED GNEISS 
in this 


OCCURRENCE: Bascom and Stose (1932, p, 
considered the banded gneiss which makes yp™#'*F 
more than half the complex to be a high 
silicic differentiate of a great gabbroic intrusig} 7 
The vague term “banded gneiss” is used in th 
present account to avoid such terms as gabbn}== 
metagabbro, or migmatite, which may ha 
strong genetic implications. _ 

On fresh surfaces the gneiss appears mediun! 
to fine-grained and quite massive. Veinlets ¢ 
irregular masses of quartz, some containing — 
large crystals of hornblende or biotite, occu 
sparingly. 

Weathered surfaces expose planar and 
elements and particularly irregularly 
nating layers or bands having markedly differ Hyperst 
ent proportions of felsic and mafic minerak sugite 
The darker, more mafic bands are commoilfp sie 
5-8 inches thick but may be nearly 5 feet thie Magneti 
(D4). Most thin bands are deformed an Lipatite 
broken, whereas most thick ones persist for ip ‘ 
entirety of an exposure, commonly sever 
score feet. The mafic bands are spaced from’ 
foot to 12 feet apart. B 

The material between the dark bands has: 
conspicuously coarser grain and lighter cold 
because of the greater proportion of quartz an 
relative decrease in the amount of ferroma 
nesian minerals. 

This lighter material intrudes openings a 
joints in the dark bands or may completel 
enclose isolated tabular pieces a foot or ti 
long of the darker-phase material. Th 
transition between the continuous dark band 
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and these detached remnants can be seen in ‘ih 
Wilmington quarry (D4). Here three paralig 


mafic bands are exposed for about 20 feet. Tv ag 
n., 


each about 2 feet thick, are continuous am 
show little sign of deformation. The third, | hoclas 
narrower band, has been broken into angui 
pieces about a foot long and engulfed by t 
felsic material. | 
A distinctive variety of the banded gneiss} ly 30- 
exposed near the contact with the Wissahick » 60-80 
formation in the vicinity of Rockland, Dei" teat 
ware. The gneissic banding cannot be detect tion an 
at the immediate contact with the metas” this 


* Speci 


ments (G132) and first becomes visible an 
about 15 feet from the contact. For abd " two 
half a mile from the contact to the first! : the | 
pearance of typical gneiss with wide bands, 8 a 
banding ranges in thickness from less than ay 
quarter inch to about 4 inches. The bands t@ ta 


to become thicker away from the contact 
the typical gneiss is reached. Individual ba 


pparent] 
In the 


a 
| 
la 
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in this portion of the gneiss have compositions north of the New Castle County Workhouse 
32, p, gpand textures nearly identical with the typical the Wissahickon formation contains three sills 
wees material. However, the felsic bands comprise of the felsic material (C24b). 
a hight 
ntrusior TaBLE 6.—MooneEs OF 10 ApJAcEeNT Pairs oF Maric AND FEtsic BANDS FROM BANDED GNEISS 
ed in th (In volume per cent) 
ay hav Mafic Bands 
medium: | | | Aver- 
C19b*| D4b | G52b H2b Jla | J6a | J9a | Range |“ 
le, Octipagioclase..... 58 | 36 | 64 | 45 | 55 | 43 | 47 | 32 9 27 | 48 | 27-64 | 45.5 
_ | Ancontent.. An 33 An 64 An 46 An 42, An 48) An 43) An 54) An 64) An 43; An 57, 33-64 | 49 
Nd 2 | | 2] .. | | 8] .. | 10 | 18 | 16 | 0-18) 5.6 
ly 37 | 17 | 6 | .. tr 14 | 57 50 | 28 | 0-57 | 25.2 
ly .. | 24 | 16 | 7 | 31 | 38 | 29 | | 6 | 0-38 | 15.1 
1 | 22 | 10 | | | | 
OMMONEBiotite | tr | | tr tr | 4 | BE 1 
eet 2 | 2 | 1 | 5 | 2] 2] t | | 2 0.26 | 2 
ned alinatite......) tr | .. tr tr | tr | tr tr | tr | tr | tr | 
st for | | tr | tr | | tr tr | 
d from Felsic Bands 
ids has 4 ee | | | | | | | | Aver- 
iter cole (C192 D4a | G5S2a G101a'G125b) H2a | H19b!| Jib | J6b | J9 Range 
ferromagy | | | = | | 
Pagiodase..... 50 | 48 | 50 | 30 | 61 | 52 | 60 | 46 | 36 | 49 | 30-60; 47.3 
sings a0 Ancontent... An 30, An 44 An 37) An 40, An 44, An 42 An 50, An 46 An 44) An 48) 30-50 | 43 
39 | 44 | 44 | 59 | 18 | 27 | 32 | 24 | 47 | 32 | 18-59 | 36.6 
ial. Th ypersthene. . 3 at @1 2 | 12 | | | 
2 3 | 4] t 2 3 0.3-4 | 2 
feet. TW | | tr | tr tr tr | tr | tr i | te 
uous age tr tr} tr | tr tr | tr tr 
> third, rthoclase | | tro | tr | | 
"4 by t Specimen locations shown on Plate 1 


1 gneiss! ily 30-50 per cent of this portion, in contrast 
‘ssahick#’ 0-80 per cent elsewhere. This material is 
nd, De ot treated separately in the section on compo- 
> detect and texture. Five modes in Table 7 are 
metase#-™ this portion of the mass (G11, G15, G98, 


visible #3, and G132). 


Cor abl At two exposures sills of a material identical 
> first 2 th the felsic phase of the gneiss intrude rocks 
bands, ordering the banded gneiss. On the west side 
Brandywine Creek at Rockland, Delaware, 


than 


sands mblende-plagioclase amphibolite contains sills 
ntact quartz-plagioclase rock (G5c) 
jual baypParently identical with the light-phase rock. 
In the Red Clay Creek about 500 yards 


Because of the distinct differences in the 
petrography of the mafic and felsic phases, 
they are treated separately. 

MEGASCOPIC APPEARANCE: Hand specimens 
of the mafic bands are grayish-black or bluish 
black and so fine-grained that 
minerals can rarely be distinguished and identi- 
fied with certainty. Gneissic structure usually 
cannot be detected in hand specimens, even 
though it is conspicuous on the weathered or 
wet surfaces of the outcrop, because the plagio- 
clase is nearly as dark as the pyroxene. Near the 
contact with the Arden granite, the texture is 
coarser, and the individual grains can be 


individual 
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distinguished easily. The increased grain size 
gives the rock the much lighter appearance that 
should be expected from rocks which contain 
approximately 50 per cent feldspar. In these 
coarser-grained hand specimens there is a 
lineation resulting from parallel disposition of 
hornblende grains and a gneissic structure 
resulting from a tendency for ferromagnesian 
minerals to be concentrated in narrow streaks 
or bands. 

Hand specimens of the felsic bands typically 
appear dark blue gray and massive. The grain 
size, up to 2.5 mm, is distinctly greater than 
that of the associated mafic bands, but only 
the quartz and plagioclase can be distinguished 
and identified with confidence, because ferro- 
magnesian grains are small and their color does 
not contrast with the bluish plagioclase and 
quartz. Near the contact with the Arden 
granite the grain is coarser, the color paler, and 
the component minerals more easily identified. 
Gneissic and schistose structures are more 
clearly defined. 

COMPOSITION AND TEXTURE: About 75 thin 
sections of the banded gneiss have been ex- 
amined. In addition, 10 representative outcrops 
sattered throughout the gneiss were selected 
for special study. Thin sections were prepared 
from adjacent felsic and mafic bands in each, 
and mineral descriptions and modal analyses 
were made. The percentages and ranges in 
composition in the following section are based 
upon these values (Table 6). The modes of 
other specimens to which reference is made are 
in Table 7. 

The mafic bands are made up largely of 
andesine or labradorite and one or more of the 
feromagnesian minerals hypersthene, horn- 
blende, and augite. Where biotite is present, it 
«curs in very small amounts as a late con- 
tituent. A little quartz occurs in most speci- 
mens, but only in the strongly sheared speci- 
mens at the northern border of the body does 
vtreach a significant amount (J1a, 10 per cent; 
%a, 16 per cent; J6a, 18 per cent). All samples 
ontain minor quantities of magnetite and 
apatite. 

The most distinctive petrographic characters 
i the mafic bands are the relatively fine grain 
and granoblastic texture. The plagioclase 
anges from approximately 0.30 to 0.75 mm 
ind the pyroxene from 0.10 to 0.75 mm. The 
plagioclase and pyroxene are totally anhedral, 
showing the mosaic texture characteristic of 
uartzofeldspathic gneisses and granulites. 

owhere has a palimpsest igneous or sedi- 
mentary texture been detected. 

Where hornblende accompanies the pyrox- 
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enes it is clearly secondary and occurs as rims 
of small crystals on pyroxene grains; as com- 
plete, or nearly complete, replacements of 
pyroxene grains retaining the equant shape of 
the original grains; and as lath-shaped crystals 
cutting the pyroxene grains or masses. In some 
specimens hornblende replacement is concen- 
trated in layers or bands several millimeters 
thick, parallel to the gneissic structure and the 
coarse banding. Where hornblende has replaced 
pyroxene extensively, the granoblastic texture 
is obscured by the slightly schistose texture, 
which results from the elongation of hornblende 
grains. With one exception, the textures indi- 
cate that the dark bands at one time were 
entirely plagioclase-hypersthene-augite: the 
pyroxene grains are not pseudomorphous after 
hornblende, nor can hornblende be seen in the 
process of alteration to pyroxene, whereas the 
opposite process can be observed in almost 
every slide. The exception is Jla, at the extreme 
northern end of the gneiss, where hornblende 
and biotite occur without pyroxene. This rock 
has been strongly sheared, and there is no con- 
clusive evidence that the hornblende has been 
derived from earlier pyroxene. 

Biotite, which is present only in very small 
quantities, is apparently the last mineral to 
have formed. It occurs as rims around magne- 
tite, as irregular masses replacing pyroxene and 
hornblende, and rarely as large laths cutting 
hornblende grains. 

Crushing, granulation, and other effects of 
dynamic forces contemporaneous with, or post- 
dating, recrystallization are minor or absent in 
the bark bands. Many twin lamellae in plagio- 
clase grains are bent, although none are broken, 
and quartz, where present, is severely strained, 
although rarely granulated. However, in areas 
where the dark bands have been deformed, 
broken, and partially digested by the associated 
felsic material, weak cataclastic texture is 
developed, and quartz may show some pe- 
ripheral granulation. 

The more abundant felsic material is made 
up largely of quartz and plagioclase, and some 
very coarse-grained felsic bands are composed 
almost entirely of quartz and plagioclase. One 
(D2a) contains 2 per cent each of magnetite 
and hypersthene. Another (D2b) contains, in 
addition to quartz and piagioclase, only 0.5 per 
cent magnetite. 

The felsic phase, although granoblastic, lacks 
the even-grained, mosaic texture which is 
present in many mafic bands. The difference is 
due largely to the nature of the quartz, which 
has an irregular, lobate habit, embaying and 
replacing the surrounding plagioclase and 
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pyroxene. The quartz ranges in size from about 
0.4 to 2.5 mm, whereas the associated feldspar 
and pyroxene rarely exceed 1 mm. 

Hornblende is present in 60 per cent of the 
slides of the felsic phase, but in only one-fifth 
of them does it exceed 1 per cent. It is of late 
origin, and its effect upon the texture of the 
rock is small. Biotite, which is present in the 
felsic material of all paired samples, occurs as 
irregular replacements of pyroxene or horn- 
blende or as laths cutting them. As in the dark 
bands, it appears to have been the last mineral] 
to crystallize or recrystallize. 

The pyroxene, dominantly hypersthene, 
occurs as small, equant, rounded grains concen- 
trated in poorly defined streaks. Some groups 
of grains show identical optical orientation. 
Large irregular pyroxene grains may be only 
partially replaced by plagioclase and quartz. 
This appears to display an earlier stage in the 
reduction of larger pyroxene crystals to masses 
of small rounded grains. 

The felsic material commonly shows evidence 
of considerable crushing. Quartz is severely 
strained and may be peripherally granulated. 
Plagioclase crystals have bent twin lamellae, 
pyroxene may be granulated, and larger biotite 
plates may be twisted and crumpled. Thin 
sections from a quarry on Brandywine Creek 
(G47a, G47b) reveal extreme cataclasis. Ovoid 
plagioclase and hypersthene are set in a fine- 
grained mylonite made up largely of quartz. 
Hypersthene is peripherally converted to small 
irregular hornblende shreds, and some horn- 
blende is partially altered to chlorite. 


ARDEN GRANITE 


OCCURRENCE: Approximately 4 square miles 
in the vicinity of Arden, Delaware, is underlain 
by a potassium feldspar-bearing rock which in 
some places has the composition of true 
granite. It is bordered on three sides by the 
banded gneiss and on the east is covered by 
Quaternary and Recent sediments. Actual 
contacts with the surrounding rock are no- 
where exposed, but in Naaman’s Creek an 
outcrop of gneiss (H2) is separated from an 
outcrop of granite by only 50 yards. From the 
character of the two exposures some inferences 
can be made concerning the relationship of the 
two rock types. At H2 the foliation and banding 
are irregular, and evidence of mobilization is 
greater than at most exposures of the gneiss. 
The granite at H25 contains xenoliths about 6 
inches long of partially digested mafic bands 


from the gneiss. The xenoliths, which disp 
the cross joints typical of the mafic bands, ; a 

pyroxel 
aligned parallel to the weak foliation of t “The c 
granite. From this it appears that the granit Laine! 
material is younger than the banded gneiss ap ‘ed 
probably was emplaced as a more or less mobj 
material. Mineralogically, considerable bioti: 
has developed at the expense of earlier fer 
magnesian minerals, giving evidence of » 
tassium metasomatism. Pegmatoid segregatio: 
within the mass and satellite pegmatites sud 
as are commonly associated with granites a 
absent. 

MEGASCOPIC APPEARANCE: In hand specimey 
and at the outcrop the granite is medium-t 
fine-grained and greenish gray. Phenocrysts« 
vitreous potassium feldspar showing Carlsha 
twinning reach lengths of up to 20 mm ( 
H15). At most exposures a weak foliation: 
apparent, with small flakes of biotite aligned: 
a common plane. Variations in composition af\jsgnetit 
not easily detected in the outcrop, but examfatite 
nation in index oils of a series of chips taken dno, 
intervals of several feet along a Baltimore an 
Ohio railroad cut (H4) shows considerabl 
variation in the nature of the ferromagnesi 
phases present. Bictite occurs alone or wit 
hypersthene, augite, or hornblende. The last#oymneki 
quite rare, whereas orthopyroxene is presenti roup al 
every sizable hand specimen. ninel en 

COMPOSITION AND TEXTURE: Table 8 gives tutiine o 
mineralogy of representative thin sections ff0hene, 
the granitic mass. Two of these, Hi5a and #4 within 
are granite in the strictest sense, COmprisilferies qo 
quartz, oligoclase, orthoclase, and biotite. giic. 
specimens of granodioritic composition, Hl tra 
and H25, differ from normal rocks of the gratlifneiss int 
clan in that they contain, in addition to biotit p;,., 
hypersthene and augite. The most characte nishing 
istic petrographic features of the rock are tif)... ort 
porphyritic nature of the feldspars and Deriphera 
distinctly mylonized character. The specie} 
of granitic composition show most evidence $5). cry 
granulation, with the larger feldspar crys), 41, 
set in a matrix of fine-grained mylonite cog plagio 
posed of quartz-orthoclase-plagioclase hapnesiay 
quartz-orthoclase-plagioclase-biotite. In Fing 
more mafic specimens crushing, althotfushing 
present, is much less pronounced. dic, An 

The order of crystallization of the SeMpiotite is 
minerals is not clearly indicated. Among 
ferromagnesian phases, the biotite has crys 


Plagiocla 

An cor 
Potassiut 
artz. . 
{yrmeki 
Biotite.. . 
ypersth 
ugite. . 
lornblen 


* Speci 
t Estin 


lized later than the pyroxene, commonly at AM 
expense. Potassium-bearing hydrothermal fi 
are the probable agent of this transformati ene 


Hornblende occurs only in small quantities 


Hase or | 


of 
4 
a 
| 
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yroxene at a lower temperature. 
The orthoclase is invariably perthitic and the 


ppears to result from retrograde alteration of 
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rocks with markedly schistose to nearly grano- 
blastic texture. 
The amphibolites of the complex occur as an 


lagioclase antiperthitic. Oligoclase-quartz apparently continuous body extending south- 
eiss 
TaBLE 8.—MopaL ANALYSES, ARDEN GRANITE 
er fer (Modes in volume per cent) 

of 
egatios H4* HiSa H15b H20bt H25 Average 
ites su = = = 
ee 29 18 63 36 65 42 

_ [f Ancontent ................4- An 16 An 15 An 26 An 26 An 30 An 23 

DecimePytassium feldspar............. 39 46 3 25 8 24 
29 3 9 39 17 18 
CTYSIS 1 1 1 1 1 
1 5 3 4 3 3 
nm 13 3 5 4 
3 tr tr 1 
itiON tr tr 5 1 1 2 
< tr 1 tr tr 
tr tr tr | tr 
nore ali 


* Specimen locations shown on Plate 1 
t Estimated 


ymekite is common. In specimen H22 a 
up of small euhedral crystals of green 
inl embedded in plagioclase preserves the 
tline of what was probably a lath of hypers- 
ene. 
Within the Arden granite a nearly complete 
ties demonstrates that potassium, sodium, 
nd silica entering along permeable crushed 
» pones transformed a rock similar to the banded 
grallifneiss into a granite. 
o First phase (example, specimen H1Sb): 
haracté nshing minor; plagioclase near andesine, 
are An: orthoclase present only in antiperthite; 


and “friheral conversion of pyroxene to biotite. 

pecimes Second phase (examples, specimens H20b, 

idenct $5): crushing marked; plagioclase unchanged, 

Ang; antiperthite common; orthoclase 

ute OK plagioclase; biotite is the dominant ferro- 

ase ‘P2gnesian phase. 

In Final phase (examples, specimens H4, H15a): 

althoug shing extreme in places; plagioclase more 
ic, Ans, orthoclase > plagioclase; 

the ie lotite is the sole ferromagnesian phase. 

mong 

crys 

nly at AMPHIBOLITES OF THE COMPLEX 

mal flv 


OCCURRENCE: Amphibolite is used here as a 
thologic term to designate hornblende- plagio- 
fase or hornblende-augite-plagioclase-epidote 


ormati 
tities 


westward from the banded gneiss near Wilming- 
ton for about 10 miles to northeastern Cecil 
County, Maryland. Their contact with the 
gneiss appears to be gradational in that the 
mafic bands in gneiss near the amphibolite are 
hornblende-rich, whereas the more easterly 
amphibolites contain a little hypersthene. The 
difference lies in the presence or absence of the 
felsic phase. The felsic phase of the gneiss, 
however, displays no systematic gradual de- 
crease in quantity as the amphibolite is ap- 
proached. 

The contact with the Wissahickon formation, 
which extends for about 16 miles, is sharp and 
accordant with regional strike and with the 
strike of the foliation in both the schist and the 
amphibolite. 

About half a mile from the contact with the 
Wissahickon formation, near Rockland, Dela- 
ware, there is a group of exposures extending 
along the west bank of Brandywine Creek, a 
Reading Railroad spur about 100 feet above the 
Creek, and along a road about 40 feet above 
the railroad. In these outcrops (F106, F107) 
thick beds of sillimanite-almandine-biotite 
gneiss (or schist) are interbedded with the 
amphibolite. The pelite is coarse-grained with 
conspicuous bedding which is defined in places 
by persistent thin layers composed entirely of 
quartz and oligoclase. The bedding and schis- 
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tosity are megascopically parallel to each other 
and to the regional strike. As nearly as can be 
determined, the pelitic rocks occur in two (or 
perhaps three) distinct layers, each about 40 
feet thick, separated by about 10 feet of 
amphibolite. These beds can be traced laterally 
for about one-quarter of a mile and appear to 
grade laterally into amphibolite, but data are 
inconclusive. No evidence of faulting or of 
magmatic action such as would be expected in a 
xenolith exists. These beds can almost certainly 
be correlated with the nearby Wissahickon 
formation, which they resemble in both compo- 
sition and texture. 

Most of the southern boundary of the 
amphibolite is formed by the overlap of 
Cretaceous and younger sediments. Unravelling 
the structure and history of the amphibolites is 
difficult, because a large portion of the area 
lies along the Fall Line, where exposures are 
small and discontinuous. 

The Port Deposit granodiorite forms the 
southern boundary of the amphibolites at the 
extreme western end of the outcrop belt. The 
amphibolite shows effects of the emplacement 
of the granodiorite, in that many exposures from 
Newark to Milltown, Delaware, contain small 
veins of microcline granite apparently related 
to the larger body. In the bed of White Clay 
Creek near Newark there is a relatively large 
outcrop (B52) where microcline granite has 
intruded the amphibolite, producing alter- 
nating bands of granite and amphibolite 
structurally similar to the banded gneiss. 
Bright-green epidote is developed at the 
contact between the bands. Pod-shaped pegma- 
tite bodies cut both rock types. 

A distinctive and atypical variety of amphib- 
olite is exposed in a large railroad cut about 2 
miles east of Newark. The rock appears massive, 
bluish, and fine-grained (B33a). Weathered 
surfaces reveal weak linear and planar ele- 
ments. Megascopically it is similar to the mafic 
phase of the banded gneiss, but nothing re- 
sembling the felsic phase is exposed. There are 
occasional sinuous darker bands (B33b) several 
inches thick in the already quite mafic material. 
Because no other outcrops occur nearby, the 
geologic relationships of this material with the 
other amphibolites are obscure. 

MEGASCOPIC APPEARANCE: In hand specimens 
the amphibolites are medium- to fine-grained, 
dark rocks, typically displaying a weak planar 
structure defined by varying proportions of 
hornblende, plagioclase, and quartz in adjacent 
layers or streaks. Lineation may be marked, 
where hornblende crystals are large, or nearly 


absent in the finer-grained specimens, 7; 
quartz and plagioclase lack the blue ql 
which they have in the banded gneiss, Pyr 
ene, where present, cannot be distinguish 
with certainty. 

The fine-grained plagioclase-hornblende 
has abundant spherical to ovoid areas up to 


cm in diameter comprising quartz and plagif 
clase, commonly with a central porphyroblast Homb 
magnetite. Units having this texture range frog (u2"t2 
several inches to a few feet in thickness ang Hyper 
have been discovered in outcrops along a bgp Biatite 
stretching from Brandywine Springs to Rodp "aq 
land, Delaware. Where present, the ‘patite 
make up 25-50 per cent of the rock. They hag 2100. 
a remarkable resemblance to amygdaloid Allanit 
texture. Their mineralogy is discussed in + 
pt 


following section. 

COMPOSITION AND TEXTURE: The amphibj 
lites of the complex may be divided into ty 
compositional groups. 

Group A specimens (Table 9) are conce 
trated in the eastern portion of the amphib 
lite area near the banded gneiss. The textu 
ranges from granoblastic to schistose. Plagif Plagiocl 
clase and hornblende predominate; a littR Anco 
hypersthene is present but is markedly out gHomble 
equilibrium and partly converted to hornblendg Augite. 
In the more granoblastic specimens the equa Biotite. 
hornblende grains appear to be, in pappidote 
pseudomorphous after hypersthene. The horg Samet. 
blende is pleochroic yellow and green, q@Quartz.. 
casionally showing the olive cast of that in t§paque. 
banded gneiss. Quartz and biotite are absent @{Chlorite. 
inconspicuous, and crushing is minor. As intigZicon... 
banded gneiss, plagioclase at least as calcic@4patite. 
Anz. may exist and is not accompanied ig‘hene. 
epidote. Biotite is inconspicuous or absent utile. . 
most specimens. There is, however, a grou§—-— 
relatively K,O-rich specimens concenttdj Spec 
near the contact with the Wissahickon i 
mation (F22, F47, F48, F63). In these, in 
amount of brown biotite equals or exceeds tigstucture 
of hornblende, and in one instance (FMporphyrc 
potassium was sufficiently abundant to pempluartz, i 
crystallization of orthoclase. The most potas hich m 
specimens also appear richer in sodium thane gran 
other amphibolites, having plagioclase as s#*Tucture 
as Ang5_30. ition as 

The grain size and texture, which wMetavolc 
widely within a few yards, appear to be reli Marshal 
to the nature of deformation and dired@fe sout 
pressures acting in any small area as well #mplex, 
the composition and texture of the prem he aniy 
morphic rock. 37, p. 

The amygdaloids (?) present in some # lase (A 
mens of this group consist of hornblend tplaces 
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ens. Th TABLE 9.—Mopat ANALysEs, Group A AMPHIBOLITES 

 < (Modes in volume per cent) 

S. 0 

inguish BSO* | B51 | C18a | C18b | C20a | C20b} Di | F72 | F75 | F138| G56 | J2 
a e Plagioclase .. . . . 25 42 61 44 33 30 50 55 26 46 54 45 
1d plagi An content ...} An 42) An 52] An 46) An 56] An An 53} An 72) An 71] An 68! An 72} An 70} An 68 
oblast Homblende. .. . . 75 50 30 40 45 20 47 40 60 40 44 35 
ange frog Quartz... ------ 5 8 16 17 40 tr 4 3 10 20 
cness an Hypersthene....|  .. 3 1 6 4 

ng a be tr tr tr 1 5 
to Roe paque..------ tr ia 1 tr 3 5 3 tr 3 tr 2 2 
“spot tr tr tr tr tr 

hey Zoom... tr tr tr - | tr 

ed in tH 


*Specimen locations shown on Plate 1 


amphity TaBLe 10.—Mopat ANALyses, Grour B AMPHIBOLITES 


- into ty (Modes in volume per cent) 


= | B2% | B29 | B33a | B33b | BS2a 
amphib 

1e 

a 43 30 40 45 48 51 

- g lite Ancontent.................. An 36 An 42 An 44 An 73 An 69 An 24 

dly out 15 50 27 43 

he equam biotite... on 25 tr os oe 
6 1 1 1 4 

ncentrat Specimen locations shown on Plate 1 

ickon 


these, tereas in otherwise hornblende-rich rock. Their _ tite. In some of Marshall’s specimens orthoclase 
ceeds ti@sttucture is concentric in that the magnetite _ is reported. 
nce (F@orphyroblast is central. The plagioclase and Excepting the orthoclase-bearing variety, the 
to pemmuuartz, in some places with a trace of biotite, amygdaloids of Cecil County appear to be very 
st potagrhich make up the remainder of each “spot” similar chemically and mineralogically to the 
m thane granoblastic and do not have radiating “spotted” amphibolites of this area; the substi- 
se as m'tucture; the plagioclase has the same compo- tution of Anzo_so and epidote for more calcic 
ition as the remainder of the rock. In the _ plagioclase reflects a difference in the conditions 
hich v@metavolcanic rocks of Cecil County, Maryland attendant upon recrystallization rather than a 
be religtMarshall, 1937), which are about 10 miles from difference in composition. In light of this 
| direci#te southwestern end of the Wilmington — similarity, and in the absence of a rival theory 
; well sgomplex, amygdaloidal texture is widespread. for explaining the existence of this unusual 
e premhe aniygdules are described by Marshall texture, the possibility that this is a relic 
1937, p. 195-199) as being made up of plagio- amygdaloidal texture must be considered. 
ome sperase (Ango-Anzo), epidote (which partially Group B amphibolites (Table 10) make up 
blende@eplaces the plagioclase), quartz, and magne- _ the extreme western end of the complex. This 


ay 
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category includes a diverse group of rocks (Bascom and others, 1909; Bascom and Mille} grou 
whose common characteristic is the partial 1920; Bascom and Stose, 1932). In conjunctig} quar 
replacement of calcic plagioclase by epidote. with the present study, several of these bodiat No bh 
Hornblende may be the sole ferromagnesian within the Wissahickon formation near th} oclas 
phase or may be replaced by the pair diopside- complex were examined and sampled. The jp. 
T. 
TABLE 11.—Mopat ANALYsEs, Group C AMPHIBOLITES 
(Modes in volume per cent) 
A54* E25 E6la F2 F19 F54 
20 30 35 31 40 36 Plagio 
re An 42 An 46 An 44 An 78 An 62 An 8 An 
Hornbllende. ... 70 60 60 69 60 64 Hornb 
3 5 tr tr tr Augite 
Calcite 
* Specimen locations shown on Plate 1 Scapoli 
Apatite 
hornblende (B33a, B33b). In one exposure formation gained is of sufficient importance fog 40" 
(A60) almandine-hornblende is present. These the present study to warrant inclusion herg — 
last-mentioned mineralogical differences can even though these bodies are not contiguosg Sp 
be attributed to differences in bulk composition, with the main complex. 
whereas the differences between the plagioclases Those amphibolite bodies contained entireyp Ans a 
of groups A and B suggest differences in their within the Wissahickon formation appear a pecim 
metamorphic history. Bascom’s maps as narrow dikes and irregulg ‘he cor 
Hypersthene is absent in these rocks. Ex- bodies ranging from about 100 yards to mg Grou 
cepting B33, the specimens are schistose, quartz than 2 miles long. For some of these bodies 1) (Table 
and biotite are abundant, and crushing is bedrock exposures exist. During the presesg ‘om tl 
conspicuous. The hornblende is pleochroic in study many new exposures were examinsg Mediur 
shades of bluish green. Specimen B33 is massive along with the older ones. All contacts seg “ontain 
and granoblastic; later biotite and quartz are were concordant. Furthermore, recent roadcu' dlinopy 
absent, and hornblende and diopside appear show that what had appeared to be large rg (uantit 
identical with those of the banded gneiss. regular bodies are actually groups of small F 70) ( 
Where the amphibolite has been intruded by concordant ones. There are, unfortunatehg ‘Ue ls | 
the Port Deposit granodiorite, a zone a few many places for which no exposures exist, big "ght , 
inches thick (B52) adjacent to the granodiorite in the absence of evidence to the contrary! differs i 
contains microcline and abundant epidote. seems better to consider these amphibolites' diopside 
Hornblende has been partially converted to be concordant bodies within the Wissahickog ‘pears 
chlorite and the plagioclase partly converted to formation rather than irregular plutons. Lamg ut the 
clay minerals. About 100 feet away a small ones may be more than 100 feet thick, be relation 
zone exists in which biotite is the only ferro-* exposures are so small and widely separattg ™8 dev 
magnesian mineral present (B29a). This may that areas in which only the more resistal ieldspar 
represent complete alteration of hornblende by amphibolite is exposed may in fact be unde having ¢ 
alkali solutions derived from the granodiorite. lain largely by schist. 
COMPOSITION AND TEXTURE: The matic 
AMPHIBOLITES OF THE WISSAHICKON within the schist fall into two distinct categon 
FORMATION which closely resemble in distribution °CCUR 
composition the two groups present within td Elk 
OCCURRENCE: Within the Glenarm series complex. areas, Ta 
and the Baltimore gneiss, which underlie much Group C (Table 11) comprises simple ho across, 
of the central Piedmont, previous workers have _ blende-plagioclase bodies with schistose pultrabas 
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AMPHIBOLITES OF THE WISSAHICKON FORMATION 


goup A amphibolites. Crushing is absent, and 
quartz and biotite are either absent or minor. 
No hypersthene has been detected. The plagi- 
olase ranges in composition from Any to 


TaBLE 12.—MopAL ANALysEs, Group D 
AMPHIBOLITES 


(Modes (estimated) in volume per cent) 


| B15* E19 F70 F85 
Plagioclase . . 30 45 | 28 45 
Ancontent...| An 72 | An 50 | An 39 | An 60 
Homblende.....| 45 40 | § 
1 
Augite. .. . | 20 7 20 43 
Epidote........ 3 7 12 5 
Opaque... tr tr tr 2 
Sphene 1 tr 3 
| 


*Specimen locations shown on Plate 1 


Ang and is not accompanied by epidote. These 
specimens are found within about 5 miles of 
the complex. 

Group D is represented by four specimens 
(Table 12) which occur at a greater distance 
from the contact with the complex. These are 
medium- to fine-grained, faintly gneissic rocks, 
containing plagioclase (Ang-Anz), epidote, 
dinopyroxene, and hornblende. Appreciable 
quantities of sphene are present in all, and one 
(F70) contains scapolite and calcite. The tex- 
ture is granoblastic and mildly cataclastic. The 
bright green, weakly pleochroic clinopyroxene 
differs in appearance from the nearly colorless 
diopside of the banded gneiss. The hornblende 
appears in places to replace the clinopyroxene, 
but the effects of cataclastic action obscure this 
relationship. The epidote is of late origin, hav- 
ing developed largely at the expense of the 
ieldspar, of which almost every grain is zoned, 
having a small, more calcic core. 


GABBRO 


OCCURRENCE: Between Newark, Delaware, 
and Elkton, Maryland, there are three small 
ateas, ranging from about half a mile to 2 miles 
across, which are underlain by gabbroic and 
ultrabasic igneous rocks, including serpentine. 
Another body, 600 yards long and 350 yards 
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wide, intrudes the banded gneiss at Bringhurst 
Park on the northern outskirts of Wilmington. 

The contact relationships of the Iron Hill 
stocks with each other and with the country 
rock are obscure, because they occur as a group 
of low hills surrounded by Coastal Plain 
sediments. On the basis of very few data, 
mostly drill samples from water wells, it appears 
that the entire group is surrounded by the 
Port Deposit granodiorite, and that the two 
smaller bodies are separated from each other 
and from the larger body by the granodiorite. 
No exposures have been found showing inclu- 
sions or apophyses of either rock type in the 
other. 

At Bringhurst the contact with the gneiss is 
well exposed. Several xenoliths of dark bands 
from the gneiss are enclosed in the gabbro 
within about 200 feet of the contact. These 
parallel the regional strike. Their orientation 
appears to be relict, rather than superimposed, 
for the host rock is massive and shows no sign 
of postcrystalline deformation. 

MEGASCOPIC APPEARANCE: Fresh specimens 
from the Iron Hill stocks are dark and coarse- 
to extremely coarse-grained (0.5 cm to 7 cm). 
Feldspar-bearing specimens show least weather- 
ing, whereas the serpentines, apparently de- 
rived from peridotite, are deeply weathered 
and friable except where thoroughly silicified. 

The Bringhurst stock is remarkably homo- 
geneous and massive. All hand specimens con- 
tain nearly equal parts of plagioclase and 
pyroxene. The grain size ranges from about 3 
cm in the north to about 1 cm at the southern 
end of the body. A macro-ophitic texture is 
clearly displayed at the more northerly end of 
the body but is less prominent in the finer- 
grained rock to the south. 

COMPOSITION AND TEXTURE: The Iron Hill 
stocks display, strikingly, the process by which 
primary pyroxenes become converted to more 
or less fibrous amphiboles (uralitization). 
Chester (1890, p. 22-27) has given a detailed 
account of this uralitization. 

The texture is hypautomorphic-granular. 
Plagioclase (Angs-Ango) ranges from 50 per 
cent of the total to less than 5 per cent. In 
those rocks with most plagioclase, uralitization 
of the pyroxene is complete or nearly so: some 
masses of secondary hornblende still contain 
small cores of hypersthene. The pyroxenites 
contain both orthopyroxenes and _ clinopy- 
roxenes with little or no plagioclase. Here 
uralitization is less advanced or absent. 

No unaltered olivine was seen, but many 
slides contain masses of serpentine which appear 
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to be pseudomorphs after olivine. The former 
existence of peridotite in the more westerly 
stock is indicated by the presence, at the 
surface, of siliceous material which in thin 
section is made up of cryptocrystalline silica 
containing minor serpentine and chromite. This 
material preserves in detail the shape and 
texture of the olivine which was originally the 
major constituent of the rock. 

In the gabbroic specimens zoisite is associated 
with the plagioclase, either as large crystals or 
as small acicular inclusions. The plagioclase, 
nevertheless, is extremely calcic. A chemical 
analysis by Chester (1890, p. 28) gives a com- 
position of Ange. 

The Bringhurst stock north of Wilmington 
comprises subequal portions of plagioclase 
(Ango) and ferromagnesian minerals. 

The plagioclase shows little zoning and is not 
associated with epidote minerals. Opaque in- 
clusions having stubby prismatic form are 
present, along with a few small euhedral crystals 
of what appears to be clinopyroxene. 

The ferromagnesian minerals comprise 
hypersthene and augite with small quantities of 
later hornblende and biotite. Peripheral con- 
version of hypersthene to hornblende is most 
common where the hypersthene is in contact 
with plagioclase, which provides a source of 
Al,O3 and CaO. In the augite, conversion to 
amphibole is less dependent upon external 
sources of Al,O3 and CaQ, and the process is 
more widespread. Schiller structure, which is 
nearly universal in the pyroxenes, results from 
oriented inclusions of two types: (1) square 
plates of a black, opaque mineral, presumably 
magnetite; and (2) brown, translucent plates 
with micaceous habit, possibly hematite. 

The very minor biotite occurs as a replace- 
ment of hornblende. Whether it is a product of 
the end-stage fluids of the gabbro magma or 
whether it resulted from the postcrystalline 
potassium metasomatism which affected the 
country rock could not be determined. 

The xenoliths in the gabbro are typical dark 
bands from the banded gneiss in composition 
and texture. A significant feature of the xeno- 
liths is that the pyroxenes have the same 
schiller structure as the pyroxenes of the host 
rock. Inasmuch as this does not exist elsewhere 
in the gneiss, it must be a result of the action 
of the magma upon the zenolith. The magma 
reacted with the pyroxenes of the xenolith to 
convert them to compositions with which the 
magma was saturated and which were crystal- 
lizing, or about to crystallize, at that time. The 
cooling and postcooling histories of the pyrox- 


TaBLE 13.—Mopa ANALysEs, Port Deposgr from 


GRANODIORITE River 
(Modes (estimated) in volume per cent) CO} 
specit 
| A47* | A102 | B52b | 28-53 28% scopit 
Plagioclase. 15 | 40 56 40 | 
An content.! An 20) An 32) An 15) An 22) 
Quartz... 40 | 35 | 33 | 35 | | 
Microcline...| 40 | 10 
2] .. | @ 
Magnetite... . tr tr 1 1} t 
Epidote..... | tr 6 1 
Apatite......} tr tr tr 
| tr tr 1 tr | BS 
Garnet....... 2 tt | 
Muscovite...., 1 | 1 sis 
Chiorite.....) | | 2 | te 
Sphene.......| | tr | 


* Specimen locations shown on Plate 1 


enes of both rocks are identical, as are th:| The 
products of the process (Bowen, 1928, | daccig 


175-201). 
orated 

Port Deposrr GRANODIORITE 

| Verhoc 

OCCURRENCE: This body underlies a lang)" the 
area southeast of the complex (Hershey, 1937).| ™* § 
It apparently surrounds the Iron Hill stocks = 
and has intruded, lit-par-lit or in veins, the}. “a 
amphibolites along the southern edge of th tae 


complex. Several small bedrock exposures occur 
near the Delaware-Maryland boundary, be acie 
tween Iron Hill and the westernmost amphib tuding 
olites. Deeply weathered specimens of what 
appears to be the same material have bee 
taken from drill holes in the Coastal Plain 
sediments around the Iron Hill stocks. Weath} ‘The . 
ered bedrock from the bottom of deep Well cysta)) 
(800 feet) as far south and east as Dela plete re 
City resembles the granodiorite. their ck 

MEGASCOPIC APPEARANCE: Hand specimeti}, result 
of the veins and dikes intrusive into the a] The 
phibolite are relatively fine-grained. The rodaypite , 
appears greenish or pinkish, depending 00 Map egy 
color of the microcline. A distinct foliation facies, 
defined by individual flakes of biotite whit 
are aligned in a common plane. No gnews#ig4g, 
segregation is discernible. Specimens from M4{mafic } 
main mass of the granodiorite are coatsti(Fig, 4) 
grained, light-colored rock with lenticlgranylit 
dark knots comprising biotite and epido epting 
These specimens appear identical with evidenc, 
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are the 
1928, | 


re of the 


from type exposures along the Susquehanna 
River. 

COMPOSITION AND TEXTURE: Modes of five 
specimens are given in Table 13. The micro- 
scopic texture of these rocks is xenomorphic- 
granular but has been somewhat modified by 
deformation and recrystallization. The quartz 
is but slightly strained. Subhedral plagioclase 


(oligoclase) shows hydrothermal alteration. The 


microcline is fresh, interstitial, and ranges 
from about 15 per cent to nearly 50 per cent 
of the total. The biotite, pleochroic in shades 
of brown or green, is associated with epidote 
and a few small euhedral garnets. The green 
biotite shows peripheral alteration to chlorite. 
In B52b, where the plagioclase shows extreme 
hydrothermal alteration, chlorite has com- 
pletely replaced biotite. 


METAMORPHIC FACIES 
General Statement 


The rock types previously described are 
lassified according to the metamorphic-facies 
| ystem proposed by Eskola (1939) and elab- 
sated upon by Turner (Turner, 1948; Turner 
nd Verhoogen, 1951; Fyfe, Turner, and 
| Verhoogen, 1958). This system is better adapted 
to the study of mafic rocks than the Barrovian 
zone system (Barrow, 1893), which has been 
widely used for classifying pelitic rocks. 

The facies represented here are those found 
in the medium and higher grades of regional 
metamorphism: granulite (or charnockite) 


| facies and almandine amphibolite facies, in- 


duding several subfacies within that group. 


Banded Gneiss 


The mafic bands of the gneiss are intensely 
aystalloblastic and appear to represent com- 
plete recrystallization. Whatever the origin of 
their chemical composition, the mineralogy is 


‘J2tesult of the conditions of recrystallization. 


The assemblage plagioclase-hypersthene- 


The roci augite which characterizes the mafic bands is 


{2 equilibrium assemblage in the granulite 


facies, which represents highest-grade regional 
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specimens is in rather good agreement with the 
predictions of the diagram. 

The hornblende present in nearly all speci- 
mens of the banded gneiss has crystallized 
later than, usually replacing, pyroxene and is 
therefore a result of retrograde metamorphism 
occurring after equilibrium at the granulite- 
facies level was reached. Such diaphthoresis is 
widespread in rocks of extreme metamorphic 
grade (Turner, 1948, p. 103). 

Some of the accessory minerals of the mafic 
bands give additional evidence of the conditions 
of crystallization. The rutile indicates meta- 
morphism at or near the level of the granulite 
facies (Turner, 1948. p. 88, 102). Kyanite is 
also an indication of high-grade metamorphic 
conditions, although not necessarily higher 
than the upper portion of the almandine 
amphibolite facies. Its presence in a rock of 
this composition, however, warrants comment. 
The kyanite, which occurs as large platy 
crystals free from inclusions, was detected only 
in crushed material and not in thin sections, so 
there are no textural clues as to its origin. The 
facts that it is a stable phase at the high grade 
of metamorphism which the total mineral 
assemblage of the banded gneiss appears to 
represent and that kyanite is known in amphib- 
olites which are chemically similar to the 
mafic bands here (Tilley, 1937) suggest that 
its presence in this relatively low-alumina rock 
is a result of a local chemical inequilibrium. 
Slides in the Bryn Mawr College collection 
made from an amphibolite within the Wissa- 
hickon formation half a mile west of Media, 
Pennsylvania (33-301), show small kyanite 
crystals formed along the contact between 
hornblende and a plagioclase grain which 
embays it. Apparently very locally the environ- 
ment became sufficiently Al,O3-rich during 
metasomatism to permit the formation of an 
aluminous phase which could not be predicted 
or stable on the basis of the composition of the 
entire rock. This specimen of the gneiss, then, 
may represent a similar condition. Replacement 
of a relatively aluminous mineral such as 
plagioclase by quartz might result in a local 
Al,O3 excess, permitting kyanite to crystallize. 

At the northern end of the banded gneiss 
adjacent to the Wissahickon formation there 
are small areas (J1, J6) where the mafic bands 
contain no pyroxene, only hornblende-plagio- 
clase(-quartz-biotite). The hornblende is not 
pseudomorphous after pyroxene, so it is not 
possible to determine whether these bands are 
retrograde or whether they have never been 
at a higher grade than they now show. Never- 


DEPOSIT 
ent) 
3 
| 4 
0 
tr 
tr 
tr 
tr 
tr 
1 
E 
large 
ry, 1937 
ill stocks 
eins, th 
res 
lary, be 
it 
of what 
ave 
tal Plain 
Weath 
eep welly 
Delaware 
pecimet 
the an 
ng ont 
ite whic metamorphism (Eskola, 1939, p. 360; Turner, 
> gneis7'948, p. 100-104). Three chemical analyses of 
from mafic bands are plotted on an ACF diagram 
Coarse Fig. 4) showing mineral assemblages for the 
— anulite facies (Turner, 1948, p. 101). Ex- 
epic"eepting the hornblende, which gives textural 
vith evidence of late origin, the mineralogy of the 
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theless, it seems proper to assign this group of 
mafic bands to the almandine amphibolite 


a ' facies and the remainder to the granulite facies. 
= The felsic phase of the gneiss is not so 
‘pap markedly crystalloblastic as the mafic bands. 


Foliation is also less pronounced than in the 
mafic bands. The most convincing evidence 


A 


Anorthite 


R. F. WARD—WILMINGTON COMPLEX, DEL., PA., AND MD. 


65, 


was formed are properly considered igneous, ent tl 
metamorphic, it has characteristics whi 
indicate crystallization or recrystallization 
conditions typical of the granulite (or ¢ 
nockite) facies (Turner, 1948; Groves, 193 
including: 


(1) the presence of the pair hyperstheng.isn y 


Garnet 


pyroxene and of the hornblende, which are 
considered metamorphic in origin. Both of 
ea these, and the hypersthene, are idential, chem- 
ically and optically, with those of the mafic 
bands. Complete recrystallization of the felsic 
bands seems probable. 

Two chemical analyses of felsic bands are 
plotted on an ACF diagram for the granulite 
facies (Fig. 4). The agreement is good, except 
that a little almandine might be expected in 
one specimen. Failure of this phase to appear 
may be a result of the proximity of the point 
to the hypersthene-plagioclase join. 

Whether the present mineralogy is a result 
of igneous or metamorphic processes, the 
assemblage certainly indicates that the felsic 
material crystallized at the granulite-facies 
level wherever it occurs. Even in those places 
where the mafic bands contain no pyroxene, 
the felsic material does, and, moreover, the 
ratio of pyroxene to hornblende is higher in the 
felsic material than in the dark bands. 


Arden Granite 
Whether the processes by which this granite 


. 
Ahypersthene 
Dropside 

© feksic Lands 
matic bands Shaded 

FicurE 4.—ACF D1AGRAM FOR GRANULITE FACIES 
A = Al,O; + Fe.,0; — (Na2O + K,0), C = CaO, F = FeO + MgO + MnO (after Turner, 1948) like pe 
for metamorphic origin of the present mineral augite—these phases are identical with thy pa. 
assemblage lies in the character of the clino- pyroxene of the banded gneiss; of the 


(2) the presence of unaltered spinel in a ro Comp 
containing excess silica; ured b 

(3) the presence of optically monoclitiheron, 
potassium feldspar with small optic angle. ferystal 

The character of the potassium feldspar mifipat 
be significant for the history of both the gran Engle sI 
and the complex as a whole. Recent studies dion m 
the potassium feldspars (Goldsmith and Lave 
1954) have demonstrated that the ordered 
triclinic form, microcline, is the truly sta 
phase at lower temperatures and that orthocY ‘The 
si actually a metastable transition betWfeprese, 


“monoclinic sanidine and triclinic 


X-ray-powder photographs (Heier, 1957) Gacies 
potassium feldspar from several rocks fepovers 
senting different metamorphic facies 
strate that the degree of inversion to tridlilfybfacj, 
form is least in the granulite and upper alMfinerg) 
dine amphibolite facies rocks and that t Grou; 
“orthoclase” representing this slight invelblgiog) 
optically appears monoclinic, or nearly 0. §nd a |j 

The presence in this granite of apparetlGorders 
monoclinic potassium feldspar and the a thene, 
plete absence of microcline indicate format®onvert, 
at temperature and pressure conditions equine spe 
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ent to the granulite facies, whereas the occur- 


zation dimilarity to sanidine—the true monoclinic 
(or chafim—indicates that the decline from high- 
‘}iemperature conditions was rapid and that 
processes which would have accelerated inver- 
gon were slight or absent. Reports of sanidine- 


A 


Anorthite 
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concentrated near the higher-grade banded 
gneiss and may show only weak schistosity as 
a result of the more or less equant shape of the 
hornblende grains, which may in part be 
pseudomorphs after hypersthene. Their posi- 
tion and texture and the lack of equilibrium 
between hornblende and hypersthene indicate 


Almandine 


Hypersthene 


Dropsicde 
Ficure 5.—ACF DraGRAM FOR UppER AMPHIBOLITE FACIES 


A= ALO; + FeO; — (NaO + K,0), C = CaO, F = FeO + MgO + MnO (after Turner, 1948). 
Shaded area shows composition of analyzed hornblende; hatched area shows composition of mafic bands. 


1948) Hike potassium feldspar in plutonic rocks are 
; _ orthoclase with an optic angle as small as 
with tik” has been reported from charnockitic rocks 
oi the Santa Lucia Mountains, California 

a in a ro Compton, 1957), although most grains meas- 
_ jured by him showed larger values (Compton, 
monoclitifrersonal communication). On the basis of the 
angle. tystallographic work cited it seems likely 


dspar mi hat occasional crystals with a small optic 
the gran! ngle should be found wherever postcrystalliza- 
, Studies Pion metamorphism has been slight. 

and Lave 
Ampbhibolite 


The amphibolites of this report all clearly 
n betWfepresent equilibrium or near-equilibrium 
microcli Fsemblages within the almandine amphibolite 
cies (Eskola, 1939). This facies, however, 
ocks reptfovers a wide range of metamorphic condi- 
"Pons; it appears possible to make tentative 
ubfacies assignments on the basis of the 
per 

1 that | Groups A and C are simple hornblende- 
it InveSBlagioclase rocks, commonly with some quartz 
arly SO. Bnd a little biotite, which occur at or near the 
apparelorders of the banded gneiss (Fig. 2). Hyper- 
1 the oifthene, markedly out of equilibrium and partly 
e formatonverted to hornblende, is present in some. 
ions equi#e specimens which contain hypersthene are 


that they are, in part, at least, the produce of 
diaphthoresis of a higher-grade assemblage. 
The absence of almandine or diopside from 
these amphibolites probably results from their 
bulk chemical composition. Nochemical analyses 
of these rocks are available, but if these amphib- 
olites are the less metamorphosed equivalents 
of the mafic bands in the gneiss, then the simple 
mineralogy results from the fact that their 
compositions lie on or very near the hornblende- 
plagioclase join in an ACF diagram (Fig. 5). 

Although the assemblage hornblende-plagio- 
clase is critical for all subfacies of the almandine 
amphibolite facies (Turner, 1948; Fyfe, Turner, 
and Verhoogen, 1958), it seems most likely 
that these rocks represent the sillimanite- 
almandine subfacies, for the following reasons: 

(1) the very calcic nature of the plagioclase, 
which is not accompanied by epidote; 

(2) proximity to the higher-grade banded 
gneiss; 

(3) the fact that the Wissahickon formation 
which adjoins or encloses these amphibolites 
contains sillimanite-almandine and lacks lower- 
grade phases such as kyanite and staurolite. 

The amphibolites of groups B and D (Tables 
10, 12), which occur at greater distances from 
the banded gneiss than groups A and C (Fig. 
2), are characterized by the presence of epidote 


; 
: 
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TaBLE 14.—CHEMICAL ANALYSES OF Rocks high 
(Tal 
G132* | 35-5 | D4a | D4b | B33a | B33b | 28-74 x y ical 
direc 
SiO... . 52.14} 45.85 | 69.19] 48.99] 50.25] 50.50! 67.26! 67.67] 464 
15.60 | 18.55] 14.44| 14.61| 16.87] 16.64] 15.04] 16.87] 17.5 
0.23| 3.62) 1.89] 1.79] 0.84| 0.76] 2.13] 2.22] 346 
10.84 | 9.34] 3.34] 8.62] 3.42] 3.53] 3.53] 2.18] 7 
MgO........... 9.27| 6.72| 1.89} 10.89] 9.39) 9.35} 1.74] 1.09} diori 
8.78} 11.96] 4.71} 12.58] 16.93| 16.70] 5.36} 4.42! 11.4) empl 
0.55} 1.64| 3.09! 1.36] 1.23| 1.31} 3.29] 4.18] 
0.04| 0.16} 0.39) 0.15} 0.10/ 0.07! 0.35! 0.57] 
H.0+........... 0.27} 0.35| 0.21} 0.26) 0.46] 0.56] 0.30! 0.29] 
0.04| 0.00! 0.04} 0.03} 0.00} 0.00] 0.14] tr meta 
TiO2.. 1.40; 1.08} 0.55! 0.34] 0.13} 0.13] 0.41) 0.28] ama 
0.13} 0.12; 0.10; 0.02} 0.00) 0.01; 0.20] 0.15!) 
MnO............ 0.16} 0.21/ 0.08 | 0.20} 0.11} 0.12) 0.24] 0.06] 
| aima 
Total.......... | 99.45 | 99.60 | 99.92 | 99.84 | 99.73 | 99.68 | 99.99 | 100.05 | 100.01 si 
(Fyfe 


* Specimen locations shown on Plate 1 


G132 Mafic phase of banded gneiss 1 foot from contact with Wissahickon schist (analyst, C. Olive In th 


Ingamells) i Ce 
35-5 Mafic band in banded gneiss 4 miles north of Wilmington. Chemical analyses exist for hornblend¢ inclus 
hypersthene, and augite from this specimen (analyst, C. Oliver Ingamells) lacles 
D4a___‘ Felsic band of banded gneiss from quarry in Wilmington (analyst, C. Oliver Ingamells) shall, 
D4b_ =“ Mafic band adjacent to D4a (analyst, C. Oliver Ingamells) 
B33a_ Amphibolite 1 mile east of Newark, Delaware (analyst, C. Oliver Ingamells) 
B33b_ As B33a, but rock has slightly darker appearance (analyst, C. Oliver Ingamells) 
28-74 Felsic band in banded gneiss 3 miles north of Wilmington (analyst, A. Meier) The 
X Trondhjemite; Malletuen, Norway (Johannsen, 1932, p. 385) entirel 
 g Average of 17 olivine gabbros (Johannsen, 1937, p. 222). Values for olivine-norites and oliving theref 
basalts are closely comparable with values for olivine gabbro morph 
gabbre 


along with the plagioclase, which in most 
specimens is andesine, although more calcic 
plagioclase does occur. In many specimens 
augite accompanies hornblende as a result of a 
relative richness in CaO (Fig. 5). These assem- 
blages may occur in rocks of appropriate 
composition throughout the almandine amphib- 
olite facies and also in the hornblende granulite 
subfacies of the granulite facies (Fyfe, Turner, 
and Verhoogen, 1958, p. 235). This last sub- 
facies formerly occupied an _ indeterminate 
position in the amphibolite facies (Turner, 
1948). The presence of andesine-epidote in 
place of more calcic plagioclase indicates that 
these rocks were recrystallized at lower tem- 
peratures, probably with concomitantly 
higher stress, than the amphibolites of groups 
A and C. It may be noteworthy that these 
relationships are characteristic of the environ- 
ment which has elsewhere produced the 
almandine-diopside-hornblende subfacies (Tur- 
ner, 1939, p. 584-585)—now the hornblende- 
granulite subfacies. 


Although the andesine-epidote in these rocig condit 
(and in the former almandine-diopside-honj the su 
blende subfacies) might indicate a relationshi 
with the lower portion of the almandi 
amphibolite facies, a further compplicati 


group D. Here the absence of grossularite fru 
a calcite-bearing rock also indicates kins 
with the almandine-diopside-hornblende si 
facies but tends to support the transfer of th 
subfacies to the granulite facies, where #epidote 
calcium garnet occurs, rather than to tido not 
hornblende amphibolite facies where it woulfrather 
be expected. The associated schists are of it grade 
value in making a subfacies assignment } aluminc 
these rocks, because the assemblage sillimanlifaluminc 
garnet locally characterizes the pelitic roqportion 
through the upper part of the almandivas p 
amphibolite facies and into the granulite facuralitiz, 
Two chemical analyses of hornblende-auggnetamc 
specimens from group B are plotted on an Affton (F 
diagram (Fig. 5). These specimens show suc#process; 


a 
hb 
| 
| 
| occurs in the calcite-augite-hornblende-aniy pyroxe 
| sine-epidote-scapolite-quartz rock (F70) frojblende 
| 
4 


high CaO content and high MgO:FeO ratio 
————J (Table 14) that they are certainly not isochem- 
y | ical with the mafic bands of the gneiss, and 
direct comparison is not possible. 


Port Deposit Granodiorite 


The metamorphic minerals in the grano- 
diorite in this area indicate metamorphism after 
emplacement. This is most clearly indicated 
by the widely distributed euhedral garnet 
porphyroblasts. Along with chlorite, epidote, 
and plagioclase (Anjs-Ange), these indicate 
metamorphism at the lowest level within the 
almandine amphibolite facies. This assignment 
isin accord with Turner’s recent suggestion 
that the boundary between the greenschist and 
amandine amphibolite facies be drawn at 
Ang, rather than at the difficult-to-determine 
boundary between hornblende and actinolite 
(Fyfe, Turner, and Verhoogen, 1958, p. 218). 

C. Oliv In the main outcrop area of the granodiorite 
in Cecil County, Maryland, the mineralogy of 
inclusions and wall rocks suggests greenschist- 
facies metamorphism (Hershey, 1937; Mar- 
shall, 1937). 


| 100.00 


hornblende} 


Gabbro 


The Bringhurst stock appears to be almost 
entirely the product of igneous processes and 
and olivi therefore is not classified under the meta- 
morphic-facies scheme. However, the igneous 
gabbro facies (Eskola, 1939) represents physical 
hese rocig conditions similar to those which gave rise to 
yside-hong the surrounding granulites. 
elationsig The Iron Hill stocks apparently originated 
almandisg by igneous processes. The widespread uralitiza- 
mplicati@j tion which converted much of the original 
ende-aniy pyroxene to actinolite and actinolitic horn- 
F70) froqblende appears to have resulted from post- 
larite froqcrystalline thermal or hydrothermal meta- 
es kinshigmorphism. 
lende sii The formation of the uralite and the change 
fer of tjin the extremely calcic plagioclase to give 
where #pidote plus a less calcic plagioclase probably 
into not represent metamorphic equilibrium but 
e it wolgrther show incipient development of low- 
ire of litifgrade metamorphic conditions where sub- 
nment ifzluminous amphibole is a stable phase in an 
sillimamifuminous rock. The alteration of the peridotite 
litic roqportions of the Iron Hill rocks to serpentine 
almandigvas probably contemporaneous with the 
ilite facuralitization and represents the same low-grade 
nde-augmetamorphic conditions as does the uralitiza- 
on an Afton (Bowen and Tuttle, 1949). These two 
how suc@rocesses probably resulted from the emplace- 
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ment of the surrounding Port Deposit grano- 
diorite. 


Summary 


The metamorphic zones present are disposed 
roughly concentrically about the granulitic 
Arden granite, showing decreasing intensity of 
metamorphism: from the center outward. The 
juxtaposition of facies and subfacies is generally 
in good agreement with Turner’s recent revision 
of the metamorphic-facies scheme (Fyfe, 
Turner, and Verhoogen, 1958). Two points, 
however, might be noted. First, between the 
granulites and the upper almandine amphibolite 
facies materials there are no rocks which 
correspond to the newly erected hornblende 
granulite subfacies. Although hornblende- 
augite-hypersthene rocks are abundant and 
widespread, they give clear textural evidence 
of diaphthoretic origin and cannot be consid- 
ered an equilibrium assemblage. Second, the 
amphibolites of groups B and D which do 
contain pyroxene (augite) and hornblende in 
apparent equilibrium occur in an outer zone 
separated from the granulite by several miles 
of hornblende-plagioclase amphibolites. 

If these rocks are the equivalent of the 
former almandine-diopside-hornblende sub- 
facies, as they appear to be, then that subfacies 
is not, in this area at least, clearly transitional 
between the almandine amphibolite and 
granulite facies. 


STRUCTURE 
Structural Setting of the Wilmington Complex 


The Piedmont crystalline belt in this region 
is 40 miles wide. In the western portion the 
foliation strikes approximately east-west. In 
the central portion the foliation turns north- 
ward and strikes approximately N. 55° E. The 
over-all structure is poorly known, and what is 
known is subject to controversy. Geologic maps 
(Bascom and Stose, 1932; Stose and Stose, 
1944; Swartz, 1948, p. 1503) reveal a series of 
broad anticlines and synclines which are defined 
largely on a stratigraphic basis. At the cores of 
the anticlines the Baltimore gneiss is exposed; 
the Glenarm series is exposed in the synclines. 
Mafic rocks (i.e., bodies mapped as gabbro) are 
abundant in the anticlines, where they are 
associated with the Baltimore gneiss. Such 
bodies are much less abundant in the synclines. 
The southernmost syncline lies in the Wissa- 
hickon formation adjacent to the Wilmington 
complex (Ch’ih, 1950, p. 934). The complex 
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FiGuRE 6.—STRUCTURAL FEATURES OF NORTHERN PIEDMONT 


lies in what appears to be the next anticlinal 
belt to the south, which plunges beneath the 
Wissahickon formation at its northeastern 
end. Its southwestern end is obscured by the 
Port Deposit granodiorite and the overlap of 
Coastal Plain sediments (Fig. 6). 


Foliation and Lineation 


In the banded gneiss and the amphibolite of 
the complex two separate planar features can 
be detected. These appear to be fundamentally 
different and warrant separate description and 
consideration. 

BANDING (S;): In the banded gneiss S, is 
defined by the irregular alternation of the 
relatively thick mafic and felsic bands de- 
cribed previously. This banding is displayed 
at every large exposure, although the mafic 
bands may be represented only by fragments 
1-2 feet long. 

It is also present in the amphibolite and is 
defined by noticeable variations in the amount 


of hornblende or in the grain size of adjacent 
layers. Layers range from 4 inches to 6 fee 
thick but are most commonly about 1 foo 
thick. 

FOLIATION (S2): In both phases of the banded 
gneiss and in the amphibolite, S2 is a distinc 
gneissic banding produced by the concentration 
of the component minerals in layers approx 
mately one-quarter of an inch thick. Streaks 
or layers of lenticular quartz grains are als 
oriented in this plane. The foliation is mor 
prominent in the amphibolite, where contras. 
between the dark amphibole and white plagir 
clase is great, than in the banded gneiss, wherq 


the pale pyroxene and the gray or blue plagi, 
clase offer little contrast. However, close exatl};, 


ination shows that Ss in the gneiss is well forme 
and that the individual layers may be tra 
for several feet. Within the mafic bands of 


gneiss irregularities of foliation are rare 


absent, and the foliation is, in most place 
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rocks, lineations are distinct where hornblende 
grains are large and elongate and obscure in 
fine-grained, granoblastic specimens. In the 
banded gneiss, mineral lineation is commonly 


Plane of foliation 


In most exposures S; and SS display complete 
parallelism. However, marked discordances of 
the banding and foliation are present in at 
last three large exposures, and in many small 
aposures slight discordances and ambiguous 
dationships occur. In one place (G113) a mafic 
tand about 6 inches thick is drawn out in 
doudins where the foliation cuts across the 
cest of an S; anticline. At another place (D4) 
iband which makes an angle of about 75° with 
the foliation has been deformed in the plane of 
j;, producing jagged edges, top and bottom, 
ior several feet. The angle between S, and S_ 
Starely great, and discordances of a few 
igrees may have been overlooked in many 
astances. 

Ih the amphibolite a marked discordance of 
Sand S, can be seen at a small quarry behind 
‘ne New Castle County Workhouse, where 
‘lies in a steeply plunging fold with an ex- 
sed amplitude of about 20 feet. The foliation 


Sparallel to the axial plane of the fold, cutting 


cross S; sharply at the crest and more gently 
et the limbs. A mineral lineation parallels the 
old axis, but it is weak because the rock has 
nearly granoblastic texture (Fig. 7). 

Megascopically detectable linear features in 


.|¢ complex vary with the composition. 


MINERAL LINEATION: In_hornblende-rich 


Ficure 7.—OvutTcrop SKETCH OF S; FOLD IN AMPHIBOLITE 
Color contrast in adjacent layers has been exaggerated. 


obscure because the principal components have 
equant habit. In some places, however, streaks 
of small pyroxene or quartz grains do define a 
mappable lineation, but more commonly 
apparent linear elements prove to be traces of 
planar features. 

BOUDINAGE: In at least two outcrops which 
show the crests of folds in the banded gneiss 
exposed in a plane approximately perpen- 
dicular to the fold axis, the mafic bands are 
drawn out into boudins at or near the crest 
of the fold. The boudins are parallel to the 
fold axes and define a 0 lineation. The mineral 
lineation at these places is also in the 0 direc- 
tion. 

JoIntINnG: The rocks of the complex display 
one or more joint sets at every exposure, but 
the joints are not commonly so well formed or 
closely spaced as in the nearby Wissahickon 
schist. Distinct cross joints are the most abun- 
dant and widely distributed expression of 
jointing in the complex. In the amphibolite 
they are perpendicular, or nearly so, to the 
mineral lineation defined by the parallel horn- 
blende grains. In the banded gneiss the cross 
joints are most common in the thicker mafic 
bands (6 inches thick or more), where they are 
oriented approximately perpendicular to the 
long dimension and to the mineral lineation, 
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where detectable. These run the full thickness 
of the mafic bands but rarely extend into the 
surrounding lighter material. They are present 
not only in the continuous bands but also in 
the larger remnants and boudins. 


Relationship of Structural Elements 


Whatever the origin of Sj, its present attitude 
is a result of deformation (folding). Portions 
of S; folds are commonly exposed and, more 
rarely, entire small folds can be seen. The 
foliation, Sz, is generally parallel to S;, the 
banding, suggesting development in flexure 
slip folds. Where the foliation cuts across the 
crests of folds or shows discordance with 5S; on 
limbs, it may have originated by either or both 
of the following: the development of a structure 
similar to the fracture cleavage of the Wissa- 
hickon formation (5; of Cloos and Hietanen, 
1941; Ch’ih, 1950) or flow of the felsic material 
during syntectonic metasomatism and mobili- 
zation. In the Wissahickon formation the 
fracture cleavage is apparent as small crinkles 
of the S; plane, but no such features have been 
detected in the complex. Investigation of 
fracture cleavage in massive rocks such as these 
would require petrofabric analysis, which was 
not undertaken for this study. That the felsic 
material has undergone some plastic flow is 
established by such features as intrusion into 
openings in the mafic bands, irregular swirls, 
small ptygmatic folds, and, rarely, of small 
areas where the felsic material appears massive. 

Where exposures are such that the relation- 
ship between the linear elements and the folds 
in which they occur can be seen, the lineations 
are parallel to the fold axes, and it seems 
reasonable to assume that this is generally the 
case. The lineations are therefore considered 
b lineations (Knopf and Ingerson, 1938, p. 57). 
In intensely deformed rocks such as the Arden 
granite, a lineations may be present in the 
plane of shearing, but observations are incon- 
clusive. 

The structural features of the complex are 
shown on Plate 1. Attitudes of the foliation of 
the schist near the contacts are shown for 
comparison. 

The foliation in the complex is generally 
parallel to its contacts with the schist and with 
the foliation in the schist. In the central and 
northern portions the foliation is vertical or 
dips steeply northwest. This trend is continued 
to the northeast along the strike in the Wissa- 
hickon formation (Ch’ih, 1950, Pl. 1, Pl. 6, fig. 


91). In the southwestern portion of the compli 
the dips are to the south or southeast. Th 
trend is also continued along the strike in 
granodiorite and metavolcanic rocks of 


are places where foliation is not parallel to th 
contact but rather cuts across it sharply (Pl. 1) 
In these places, however, the foliation paralles 
that in the adjacent schist. 


area where the foliation shows relatively lor 
dips and strikes which are in part discordanipid th 
with the regional trend. These appear to fompad wi 


tentatively interpreted as a dome resultingVissah 
from the emplacement of the stock. eddin, 

Another area in which the foliation is mark-pussest 
edly discordant with the regional trend occurp'hat a 
immediately north of the Delaware-Pennsyp® the 
vania boundary. No explanation of thigange 
anomaly is offered here, but it should be pointeips they 
out that areas of similar trend have beespotthe 
mapped nearby (Ch’ih, 1950, Pl. 1). 

The lineations and fold axes are usually 
horizontal or plunge slightly northeast. This is 
in agreement with petrofabric studies made i 
the Wissahickon schist in the region (Cloos ani 
Hietanen, 1941, p. 157; Ch’ih, 1950, p. 936 
which show an average northward plunge ¢ 
16°. 

The lineation has a consistently steep north; 
easterly plunge in the amphibolite arow(. 
Brandywine Springs, Delaware. The region, 
strike shifts here from east to northeast, anil 
this area has been interpreted as part of 4 bodies, 
major regional structure marked by steep-atly 
folding (E. H. Watson, personal communi’ 
tion). This would presumably involve th, 
flexure of the axial planes of earlier-formel 
folds, and the steep 6 lineations formed in thf 
folds are to be considered distinct from th 
major 6 lineation of the region. Such a phe 
nomenon has been described in the Poundridg 
area, New York (Scotford, 1956), and gi. 
the perhaps unfortunate term “axial-plav 
folding.” 

The schist which is interbedded with t 
amphibolite in the area of Rockland is direc!) 7, 
in line along the strike with a larger area 
schist which crops out in the vicinity of 7" fire 


ne 
peli 
1 t th 
Pt County, Maryland (Hershey, 1937, Pl, 2)pasno 
7 Marshall, 1937, Pl. 35). The change frogptitic 
southerly dips to northerly dips coincidgportiot 
we approximately with a change in trend of thyphe 50 
regional strike from east-west to about t 
At the northern end of the complex theft this 
chist 
In si 
nfort 
4 format 
Witl nded e is a smalgormed 
® a low dome, at the center of which lies thepegion 
Bringhurst gabbro stock. This structure jspionshi 
| 
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ine Springs (PI. 1). The more southerly area 
Jj pelitic material is interbedded with, or in- 


rike in gfuded by, a few small sheetlike basic bodies, 
s of Cegput the nature of the exposures is such that it 
Pl, been possible to determine whether the 


inge fron litic mass lies above or within the major 
coincifepttion of the amphibolite. However, along 
ond of tiepie southern contact, exposures of the two 
it N.5s°ppxk types are separated by less than 100 feet. 
plex theeft this instance the amphibolite dips below the 
allel to thepthist at 40° (PI. 1). 
Insummary, the complex exhibits such close 
onformity of structure with the Wissahickon 
iymation as to indicate that they were de- 
is a smalfurmed together. Furthermore, the general 
tively Jorpatallelism of the contact between the schist 
discordanteud the complex with the regional structures 
ar to fompnd With exposed stratigraphic contacts in the 
h lies theftgion appears to reflect a stratigraphic rela- 
ructure fionship: the complex generally underlies the 
jissahickon formation, although minor inter- 
bedding occurs. Such a relationship is also 
n is mark-uggested by the occurrence of the complex in 
ond occunfitat appears to be an anticlinal area bordered 
>-Pennsyifu the northwest by a synclinal belt. The 
of thigtanges in the outcrop pattern of these flexures 
be pointedfs they are followed along the strike (to the 
ave beeortheast) are what would be expected by their 
rentle northeasterly plunge; the complex 
e usuallypecomes narrower and ultimately disappears 
st. This spelow (?) the schist. 
s made it 
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ORIGIN AND History 
Introduction 


In this discussion the term complex refers 
mainly to the banded gneiss and the amphib- 
lite contiguous with it. The Arden granite and 
the gabbro stocks are clearly of later origin 
kad will be treated separately. The amphibolite 
indies within the Wissahickon formation will 
hso be treated separately. 

‘olve thd. Discussion of the origin of the complex must 
or Seratl deal with the dark bands of the banded gneiss 
sed in pnd with the amphibolite. The felsic portion of 
from th the gneiss which intrudes, and appears to re- 
sh a phe lace, the mafic bands gives evidence of having 
yundridef by metasomatism and intrusion during 
It will be dealt with more fully 
xial-plaw the section on history. 
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Three characteristics of the complex which 
fre premetamorphic in origin and presumably 
late from the original formation of the body 
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appear to provide a basis for determining its 
origin. These are: (1) the persistent banding, 
Si; (2) the over-all shape and structural rela- 
tionship to the Wissahickon formation; and 
(3) the chemical characteristics of the rocks. 

The most likely possibilities are that these 
rocks originally consisted of (1) a stratiform 
gabbroic body; (2) a series of sedimentary rocks; 
(3) a series of basaltic lavas or tuffs; or (4) a 
plutonic gabbro body. Each of these possibilities 
may be considered in turn. 

(1) Lopoliths of the Skaargard or Stillwater 
type, which have resulted from differentiation, 
in place, of gabbroic magmas, are rich in FeO 
near the upper contact (Wager and Deer, 1939) 
and grow progressively richer in CaO and MgO 
downward (Hess, 1941). The exposed contact 
of the Wilmington complex with the Wissa- 
hickon formation appears to be its upper 
contact, but whether upper or lower it is neither 
sufficiently iron-rich nor calcium rich to be 
considered a result of im situ magmatic differ- 
entiation. Moreover, the progressive variation 
in composition with respect to distance from 
the contact which occurs in lopoliths has not 
been detected here. 

It may be, however, that the body originally 
displayed these gradational chemical charac- 
teristics but that they were obscured or de- 
stroyed by pre-Glenarm erosion or later by 
metamorphism and the metasomatism which 
accompanied it. 

(2) The complex may have had a sedimen- 
tary origin as a series of impure limestones or 
limestones and graywackes. Such an origin 
would adequately explain the persistent .S;, the 
shape of the body, and its apparent strati- 
graphic relationships. The rocks are, however, 
too poor in Al,O; for graywackes on the one 
hand and too iron-rich and carbonate-free for 
limestones on the other. It might be argued 
that complex metasomatism during meta- 
morphism produced marked changes in com- 
position and that all CO: was lost at a time 
when the temperature was high and the con- 
fining pressure low. This possibility is remote 
in light of the fact that the Cockeysville 
marble at nearby outcrops is composed almost 
entirely of calcite and dolomite, demonstrating 
that its reconstitution was accomplished at 
pressures high enough to retain most, or all, 

A serious objection to a theory of sedimen- 
tary origin is that no sedimentary rocks of 
comparable composition occupy this  strati- 
graphic position anywhere in the region, 
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(3) A volcanic origin of the complex, tuffs 
or flows, would provide an adequate explana- 
tion for the position and shape of the body 
and for the S; as bedding. The composition of 
the mafic bands in the gneiss and of the amphib- 
olites falls within the range of olivine basalts. 
Volcanic origin would also provide a reasonable 
explanation of the absence of ultrabasic rocks 
and of the presence of the apparently amyg- 
daloidal texture of some of the amphibolites. 
In many places basic volcanic rocks occupy a 
stratigraphic position below, or in the lower 
part of, the Glenarm series and so admit of 
possible correlation with the Wilmington com- 
plex (Jonas, 1924; 1928; Jonas and Stose, 
1938; 1939; Marshall, 1937). 

(4) Plutonic origin as an intrusive gabbro 
would adequately explain the chemical com- 
position, olivine gabbro. The Si, by this hypoth- 
esis, would be a result of flow and perhaps 
muliiple magmatic injections during crystalli- 
zation. Banding is not uncommon in gabbros 
(Bowen, 1928, p. 170). The over-all shape and 
apparent stratigraphic position of the complex 
suggest that, if it originated as a gabbro, it was 
emplaced as a large sheetlike body more or less 
concordant with the Wissahickon formation. 

The present fine grain of the mafic bands 
and the amphibolite and the absence of any 
relict texture attributable to a gabbro require 
extreme stress and attrition of an originally 
coarse-grained rock. Such a process is not 
impossible, considering the very high grade of 
metamorphism. However, the complete de- 
struction of original texture throughout a 
large gabbro pluton is probably rare. 

Of the four possibilities outlined, only 
sedimentary origin appears wholly inadequate. 
The following section on the history of the 
complex is concerned for the most part with 
the processes which affected the body after 
original emplacement or deposition, so for the 
present it is not neccessary to make a choice 
from among the remaining possibilities. 


History 


Introduction.—Any account of the history of 
so complex and highly metamorphosed a body 
as this must be conjectural. As more work is 
done in the area or as concepts of petrogenesis 
advance, modifications will be necessary. 

Banded gneiss and amphibolite—In late 
Precambrian or early Glenarm time a series of 
basaltic lavas or tuffs was deposited in this 
area upon the Baltimore gneiss basement or in 
the lower part of the Glenarm series and sub- 


sequently covered by the Wissahickon sc; 
and the formations above it. Alternatiygit less 


hypabyssally, to produce a stratiform sheet, 
at depth, producing a typical gabbro plu 
Ultimately deep burial took place, accompani 
by regional metamorphism. Recent age dete rom 
minations of the Wissahickon formation sugges 
that this may have had its culmination durigg— 
the Appalachian Revolution (Watson, 195] 
p. 2-5). The area now occupied by the compl _ 
lay very close to the orogenic axis (Hess, 19; 
p. 395) and underwent extreme metamorphisy 

Locally, the highest-grade metamorphisy 
occurs in the area occupied by the banded 
gneiss, where the granulite-facies level wq 
reached. Roughly concentric areas of progred 
sively lower metamorphic grade are develope 
outward from the banded gneiss. Recrystalliz 
tion was accompanied by a migmatizatio 
which produced the felsic bands in the gneis., 

The migmatization process appears to har 
been metasomatic, differing from granitizatic 
principally in the potassium-poor nature of td. 
material added. Probably less __ refractor 
feldspar-rich layers of the original mafic rod 
were selectively replaced by solutions 
emanations consisting largely of NaO a 
SiO:. This was accompanied by the removal: 
FeO, MgO, and CaO. Evidence for this i 
present in those slides of the felsic mater il 
where small groups of rounded pyroxene 
have identical orientation, indicating that the 
are partially replaced “xenocrysts” of original 
more mafic material. All slides of felsic bané 
show pyroxene crystals embayed and partial} 
replaced by quartz, and in some cases j 
plagioclase; these are apparently earlier or lat 
stages of the same process. Throughout ti. 
felsic material, quartz grains are large ali, 
lobate, indicating origin during a different stag 
or cycle of crystallization from the associate} 
granoblastic pyroxenes. 

During the process the felsic material, i 
many places, became sufficiently mobile t 
appear truly igneous and invaded or engulles 
and partially digested, the remaining m 
bands. Much of the mafic material, howev 
not only remained solid during the process b 
appears to have undergone little change oth 
than recrystallization. The persistence ov 
considerable distances of these sheetlike ma 
bands indicates that 5, the original va ted 
or bedding, was a major controlling factor a h: 
the migmatization. as 

The chemical changes necessary to convert 
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fc band to a felsic one can be expressed more 
ernativelt !ess quantitatively by using the method of 
e Glenarge’ standard rock cell proposed by Barth 
932). This method adopts the premise that 
stasomatism is a constant-volume process and 
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rs to hav 


ompares equal volumes of material (i.e., por- 
ions containing equal amounts of oxygen). 
able 15 shows the cations which must be 


— ded and removed from a standard cell of the 

Na:0 a afic material to produce an equal volume of 
¢ felsic material. 

removal ( 

or this §Mafic) Cais. Mgis.oFe?%, Tio.2 

Sin. sOr60 


Fes’; Fef’; Alis.s Tio.s 
Sign 6Or60 


| The figures given in Table 15 must be used 
mith caution for at least two reasons. The first 

# that the replacement may not have been on 
#0 equal-volume basis. In fact, it appears that 


jer or latey 
ghout t msiderable dilation has occurred. Secondly, 
large 40 tis unlikely that the material replaced was 


entical with the mafic bands which remain. 
-| Chemically, the felsic material differs from 
ublished analyses of trondhjemite only in that 
fie felsic bands have somewhat less potassium 
able 14), 
| That this process took place at extremely 
gh temperature is indicated by the fact that 
nulite-facies assemblages are restricted to 
¢ felsic material and to the mafic bands 
sociated with it. To the southwest, where 
gmatization is absent, the metamorphic 
de does not exceed amphibolite facies. 
1 bandi Arden granite-—The Arden granite, which is 
| factor fed near the center of the granulite-facies 
| tea, has characteristics which indicate that it 
converte’ formed by the action of a potassium-rich 
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magma or granitizing agent upon the banded 
gneiss and which also indicate that it intrudes 
the gneiss. 

This apparent dilemma is resolved by con- 
sidering the body a parautochthonous granite 
(Read, 1951). By this hypothesis, the granite 
was formed by sodium and potassium metaso- 
matism (granitization) of pre-existing rocks, in 
this case the banded gneiss, in a zone of intense 
regional metamorphism. During the process it 
became sufficiently mobilized to move (upward) 
with respect to the surrounding rock, thereby 
acquiring intrusive relationships to it, or at 
least destroying the highly attenuated, com- 
pletely gradational, contacts which accompany 
in situ granitization. 

The relationship between the potassium-poor 
granite, or trondhjemite, of the felsic bands and 
the potassic granite at Arden appears to be this: 
during regional metamorphism normal granitic 
igneous activity was in progress at some depth 
below the level now exposed. (Whether this 
was migmatization and granitization at the 
edges of granite magma or whether it was the 
migmatization and granitization which pro- 
duced the granite magma is a problem which is 
unresolved by the rocks exposed here.) 

At distances from the center of activity so 
great that no migmatization took place, the 
basic rocks reached only the amphibolite-facies 
level. At somewhat lesser distances the material 
introduced was potassium-poor (trondhjemitic) 
and produced the granulite-facies banded 
gneiss. At greater depth, where true granitiza- 
tion was in progress, potassium was abundant, 
as were the heat and stress necessary to mobilize 
a portion of the rock so affected. As a result of 
this mobilization the potassic Arden granite 
became emplaced in the migmatitic gneiss 
which lay above it. Observations have been 
made by others supporting the view that 
sodium-rich, potassium-poor emanations or 
magmas travel farther from the centers of 
activity than normal granitic materials. In the 
Lake Manapouri terrain in New Zealand 
Turner (1937, p. 236-237) reported that “.... 
the granitic rocks carrying 10 per cent or more 
of potash-feldspar tend to be concentrated 
toward the centre of the injection-complex 
while trondhjemites are more frequent toward 
the eastern and western margins”. This 
phenomenon is explained in part by the observa- 
tion that the sodium ion is more mobile than 
the larger potassium ion (Lapadu-Hargues, 
1945, p. 225). The emplacement of the Arden 
granite appears to have been contemporaneous 
with the regional metamorphism. 
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Gabbro.—The massive gabbro stock at Bring- 
hurst has not been deformed or recrystallized 
and is therefore thought to have been emplaced 
well after the peak of regional metamorphism. 
It is unlikely that it was intruded during an 
entirely new cycle, because it has undergone 
minor diaphthoresis and metasomatism identi- 
cal with that in the enclosing gneiss. 

The Iron Hill stocks near the southwestern 
end of the complex are probably contempo- 
raneous with the Bringhurst stock, but the facts 
that these bodies are widely separated and that 
the contact relationships of the Iron Hill bodies 
are unknown leave the problem largely 
unsolved. 

Port Deposit granodiorite—The Port Deposit 
granodiorite, which intrudes the amphibolite 
at the western end of the complex and probably 
surrounds the Iron Hill stocks, exhibits struc- 
tural and mineralogical characters which have 
resulted from progressive metamorphism (i.e. 
strong foliation, garnet porphyroblasts). End- 
stage solutions from the granodiorite have 
invaded the amphibolite lit-par-lit or as cross- 
cutting pegmatites and locally caused marked 
diaphthoresis. These apparently anomalous 
relationships indicate that the granodiorite 
must have been emplaced early enough in the 
period of regional metamorphism to have 
become seriously deformed and also that some 
igneous activity associated with the granodio- 
rite took place after the complex had reached 
its present metamorphic grade. A large com- 
pound batholithic body such as this cannot 
have developed rapidly, and indeed, igneous or 
metasomatic activity in the granodiorite prob- 
ably extended over the entire tectonic cycle. 

It seems likely that heat or hydrothermal 
solutions associated with the introduction of the 
granodiorite and pegmatite into the amphibo- 
lite provided catalysis for the uralization of the 
Iron Hill gabbro and that the granodiorite may 
be in part older than and in part younger than 
the bodies at Iron Hill. 

Diaphthoresis and metasomatism.—The final 
events recorded in the rocks of the Wilming- 
ton complex are the retrograde metamorphism 
which affected most of the granulite-facies rocks 
and the adjacent amphibolite by replacing the 
pyroxenes with hornblende and the minor 
potassium metasomatism by which small 
quantities of biotite were introduced into most 
rocks of the complex. The fact that this biotite 
replaces the later hornblende is evidence that 
this was the last phase to crystallize. It might 
be argued that the diaphthoresis and the 
potassium metasomatism could have taken 


place at any time between the original 
morphism and the final denudation of ¢ 
complex, but there is strong evidence 
these processes actually took place well bef 
the end of the main metamorphism. Mine 
ically, both the hornblende and the biotite 
varieties which crystallize at higher met 
phic grades. The hornblende is of an alumi 
green or brown-green type which occurs in 
high-grade rocks of the region, and the bioti 
is a yellowish-brown to reddish-brown, hi 
grade variety, rather than a green or black 
green one, which is indicative of the lowe. 
grade processes (Wyckoff, 1952, p. 39). 
Amphibolites of the Wissahickon formation; 
These bodies range so widely in size 
mineralogical character, and the area in 
Wissahickon formation examined during 
investigation represents so small a part of thd A que 
whole formation, that no definite conclusionplcanic 
can be drawn about the origin of these bodies the V 
The possible origins are, again, sedimentary 
volcanic, and intrusive, and it seems not at 
unlikely that, in the Wissahickon formation, 
three origins are represented. An additio 
possibility, hybrid origin, appears to be rep 
sented in one specimen (F70). This scapolit 


Possible Correlations 


Although it has not been necessary to ch 
among the four postulated origins of the m 


structural and petrologic evolution, it wo 
be of value to the history of this portion of 
Piedmont to know the nature of the origi 


there is no evidence to the contrary, and 
that there is some positive evidence, the author share 
is inclined to suggest that the original material] A rele 
was volcanic. ether 

McKinstry (1949, p. 877-879) wrote, alteipticlin 
working in the schists adjacent to this complerga, or 
_ fits, a 
Also partly or wholly surrounded by Wipdies , 
sahickon are bodies of basic rock that have betty, gn 
mapped as gabbro and resemble some of the mah on 
material in the Baltimore gneiss. It is conceivabl ' 
that some, though by no means all, of this materia to § 
is metamorphosed basic lava, as no other equivaletiitcrop 
of either the Catoctin greenstone or the Diitwee, 
volcanics of Maryland have been recognized ries, 
of the Susquehanna”’. th th 


As mentioned previously, a group of met#fa ples 


volcanic rocks with amygdaloidal texture 
the 


| 
| 
fa and calcite-bearing rock is skarnlike and sugp part, 
. 
gests a basaltic magma contaminated byteupy | 
¥ . . . 
limestone or a magmatically altered limestonefcupie 
q 
n Clo 
signec 
Car 
a 
bosembria 
afiqrerlain 
| mat plex to discuss itghich a 
uldplenarn 
thepously 
palfiose, 
ce material. On the admittedly weak ground thatfounta 


nn described from Cecil County, Maryland. 
ib the nearest point these are about 10 miles 
ng the strike from the amphibolites of this 
plex. Marshall (1937, p. 205, 212) estimates 
ir total thickness as exceeding 1 mile and 
ims them to a stratigraphic position below 
Wissahickon formation, although they are 
tirely surrounded by the Port Deposit 
odiorite. If the Wilmington complex were 
of the same volcanic series, the necessity 
having this great thickness of volcanic 
in Cecil County stand alone, isolated by 
the loweuion, would disappear. The original volcanic 
9). tures are better preserved in Cecil County 
vmation-tan they are in this complex as a result of the 
size anger grade of metamorphism (greenschist as 
rea in thgainst amphibolite and granulite facies in the 
luring thigilmington area). 
art of thd A question might also be raised as to whether 
onclusionplcanic rocks in Cecil County, Maryland, and 


ibout 100 miles to the west at the other edge 
this portion of the Piedmont. Such long- 


part, normal calcalkaline metabasalts and 
py a stratigraphic position similar to that 
pied by the basic rocks in this area. Cloos 
 Cloos and Hietanen, 1941, p. 102) has 
signed the Catoctin-South Mountain rocks to 
ke Cambrian because they overlie the Pre- 
@mbrian Baltimore gneiss and are in turn 
gerlain by fossiliferous lower Cambrian rocks 
itgtich are a portion of, or correlative with, the 


ountain rocks display complete conformity 
, and alsfith the overlying rocks, a characteristic which 
he authoshared by the Wilmington complex. 
| material A relationship worthy both of mention and of 
=" investigation is this: some of the major 
‘ote, altempticlines of this portion of the Piedmont con- 
 complergn, or are bordered by, linear belts of basic 
_ fiks, appearing on the maps as discontinuous 
| by Witdies of gabbro surrounded by either Balti- 
pes mai gneiss or Wissahickon schist. These bodies 
onceivablg’ Several hundred yards to 1 mile wide and 
is materi? to 5 miles long. These basic rocks may be 
— crops of an originally continuous sheet lying 
nized ef °°o the Baltimore gneiss and the Glenarm 
nes. Such a body might be correlative with 
th the Catoctin series and the Wilmington 
of metifmplex. Its discontinuous outcrop pattern 
xture hapight be the result of post-Catoctin erosion or 
the thrust faulting which is evidenced by the 
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fact that in many places the Wissahickon 
formation lies directly upon the Baltimore 
gneiss. 

The suggested relationships are highly specu- 
lative, but they do indicate that a volcanic ori- 
gin for the Wilmington complex would simplify 
some regional relationships. The stratigraphic 
and structural relationships of other “gabbros” 
of the Piedmont must be clarified by more 
detailed field and laboratory work before the 
regional problems can be solved. 
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NOTES 


Dip and strike symbols for bedding are centered in circular 
sample cells of approximately 1000 square feet area, and 
where angle of dip is given, represent the means of 5 to 10 
replicated readings rounded off to the nearest 5°. Dip figures 
for faults, with the exception of the amphibolite contact, 
were obtained photogrammetrically. 


Geology by Hill 1951, 1952-1953. Area between triangulation 
points plane-tabled by Hill and Lewko 1952-1953. Photo- 
grammetric extension 1954-1955. Precision deteriorates 
westward, especially west of P-Q. Topographic names in 
- English are provisional only. Revised and corrected 1959. 
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EOLOGY AND STRUCTURE OF THE NORTHWEST TRINIDAD 
MOUNTAINS, LAS VILLAS PROVINCE, CUBA 


By Patrick ARTHUR HILL 


ABSTRACT 


The major rock types of the Trinidad Mountains of central Cuba are carbonate rocks 
and schists of presumable Mesozoic age. Both are carbonaceous, yet devoid of fossils. 
The carbonate rocks comprise limestones (about 90 per cent), brucite limestone, and 
dolomites. 

The brucite limestone contains chloritic mica (sheridanite). The dolomites, despite 
lenticulation, might serve as marker horizons. Two varieties are noted, one with crystals 
of black euhedral gypsum, the other without them. 

Most widespread of the schists is a carbonaceous chloritic mica schist which alternates 
with quartz-garnet-mica schist or less commonly grades into epidote or talc schists. 

Serpentinites are of two types: a nodular type derived from peridotites, and a fine- 
grained type (greenstone) derived from microgabbro. The greenstone is older and has 
been affected by movement of two periods; one (preserpentinization) formed actinolite, 
the other (postserpentinization) locally developed magnetite-chlorite schist. Other chlo- 
ritic derivatives include a goethite-chlorite schist and an albite-lawsonite-chlorite schist. 
The predominant chlorite is clinochlore. 

All rocks are isoclinally folded. Cleavage or jointing that might serve to establish over- 
turning is absent. Strike faults are prominent. Transverse faults, because of the lack of 
traceable units, are difficult to recognize. 

The mountains appear to form a gigantic anticlinorium. A continuous band of amphib- 
olite averaging 1200 feet in thickness separates the carbonate rocks and schists of the 
mountains from diorite and granodiorite to the north. Although thrusting may exist 
within the mountains, the large northerly directed thrust formerly postulated for the 
northern boundary is eee 
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INTRODUCTION 


The Trinidad Mountains of central Cuba 
(Fig. 1) lie almost wholly within La Villas 
Province and include the sierras of Trinidad, 
San Juan, and Sancti Spiritus. They rise to a 
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maximum height of 3792 feet (Pico Potrerillo) 
and consist of isoclinally folded limestones and 
schists, which in the area of Plate 1 dip steeply 
north and northwest. The rocks lack fossils and 
are of unknown age. However they are older 
than the dioritic intrusions to the north and the 
Cretaceous sediments to the west (Thiadens, 
1937). 

In some areas, serpentinites associated with 
the limestones are accompanied by pyrite. The 
largest pyrite deposit is at Minas Carlota (Hill, 
1958b). 

Field work was conducted by the author alone 
during July and August 1951 and with the 
assistance of Mr. Edward Lewko of Uranium 
City, Saskatchewan, from December to Febru- 
ary 1952-1953. 

Laboratory work comprised examination of 
thin sections and mineral separations, together 
with X-ray and spectrographic analyses. A 
Debye-Scherrer-type camera was used for the 
X-ray work. A 3-meter Baird grating-type 
spectrograph with 300-volt, 6-ampere D.C. arc 
was used for spectrographic analyses. 
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PREVIOUS REGIONAL INVESTIGATIONS 


Thiadens (1937) noted that “A rather 
amount of literature concerning Cuban get 
exists. Notwithstanding, the geologic knowl’ 
of the island in general and also of the soutl 
Santa Clara province is very poor.” In the 
geological map of Cuba, de Castro (i! 
represents the schists of the Tris 
Mountains as Silurian-to-Carboniferous # 
mentary rocks, bounded on the northFés 
granite, serpentine, and basalt. 

Spencer (1896, p. 71) notes that althougps 
Castro assigns the formations of the Tris 
Mountains to the Paleozoic 


“..there appears to be no certainty as to} 
age. They are composed of a semicrystalline 
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sone of fine texture and blue colour, resembling 
externally some Ordovician rocks, so also do the 
gsociated black slates . . . but in their internal 
sructure the Trinidad mountains constitute the 
oldest rocks of central Cuba.” 


Hayes, Vaughan, and Spencer (1901) regard 
eschists as basement rocks. Wright (1916, p. 
) mentions that the town of Trinidad was 
unded in 1513 because gold was discovered in 
e Rio Arimao. Calvache (1925) reports that 
re pyrite deposits were found in the sixteenth 
tury south of Cumanayagua; presumably 
hse are the Minas Carlota (Pl. 1). Allende 
928) describes these as ellipsoidal ore bodies 
) pniormable in ‘‘Precambrian”’ schists. 

Thiadens (1937) summarized a survey under- 
ken 4 years previously by Dutch students. 
is paper contains an excellent descriptive 
biography and reconnaissance map. De- 
ribing the rocks of the Trinidad Mountains, 
hiadens writes: 


“Geologic history begins with the genesis of those 
rocks which furnished by metamorphism the 
shists and marbles of the Schist Formation. 
The age of these rocks cannot be stated with 
certainty, as fossils if formerly present, entirely 
disappeared in consequence of the metamor- 
phism. By comparison of these rocks with others 
iound elsewhere on Cuba and on surrounding 
Geologl isiands, it may be deduced that the age is very 
identi probably Lower Cretaceous and Upper Jurassic. 
This age, however, has not been proven and the 
rocks may be very well older. They are at least 
oi pre-Middle Cretaceous age.” 


GEOMORPHOLOGY 


The serrated sky line (Pl. 2) suggests that the 
dad Mountains consist predominantly of 
estone. Field work within and without the 


he limestone forms high ground. The 
minent northerly dip gives hills a distinctive 
Pouette with a gentle northern slope and a 
iP Southern one. Karst features are common, 
#luding dry valleys, caves, sink holes, and, on 
northPéser scale, solution cavities. Many valleys 
abruptly in steep walls, and many are 
gpssed at right angles by rock buttresses. 
Trimgatribbean karst lands are described by 
Amann, Kroémmelbein, and Létschert (1956) 
Sweeting (1958). 

Pol is red, especially where the adjacent 
tstone is schistose and rich in hematite. Soil 
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creep is rapid; thus the best exposures of 
limestone are usually on high ground. 

The original drainage of the northwest 
Trinidad Mountains was probably to the north 
and west, governed by the dome structure of 
the mountains. The next stage, superimposition 
upon underlying bedrock, is indicated by wind 
gaps along the Gorro-Chivo ridge which are 
aligned with streams draining off El Puerco. 

The third and present stage of drainage was 
the rapid development of subsequent streams 
along strike faults or easily eroded belts of 
schists. The Navarro River (Pl. 1) which has 
captured many consequent streams is an 
example. 

River terraces are rare. They are locally 
developed at Charco Azul. Higher-level terraces 
that cut directly across bedrock are more 
common and are found at 1400 feet at Station 
B (PI. 1), at 1250 and 1600 feet on La Barona 
(Pl. 2, fig. 2), and at various levels between 
1300 and 1500 feet on Honeymoon Hill. 

Upraised and tilted peneplains of unknown 
date are indicated by concordant summit levels 
(PL 2, figs. 3,3). 


CARBONATE ROCKS 
General Statement 


The carbonate rocks are dynamically meta- 
morphosed, devoid of fossils, and are believed 
to be pre-Middle Cretaceous (Thiadens, 1937). 
They are crystalline, foliated, or schistose. All 
are graphitic; all are steeply and _ isoclinally 
folded. They include limestones (comprising 
about 90 per cent of the carbonate rocks), 
dolomite, and brucite limestone. 

An attempt was made to locate fold axes. 
Because of the absence of fossils, lithology was 
used for correlation. Each natural, unbroken 
outcrop along the Cumanayagua-Carlota road 
was studied (Pl. 4). The following limestone 
varieties were found: 


(1) Light-blue densely compressed limestone 

(2) Medium-blue massive-weathering platy and 
foliated limestone 

(3) Medium-blue massive-weathering 
limestone 

(4) Limestone weathering light blue, foliated, 
and containing black calcite crystals up to an inch 
in diameter 

(5) Flaggy limestone with bluish-white patina 

(6) Similar to 5 but with schist bands 

(7) Tightly folded limestone ranging from white 
to blue; may be equivalent to (1) 

(8) Schistose limestone with whitish patina 


foliated 
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(9) Dolomite, buff to light gray, with kneaded 
and sculptured appearance. One band with small 
black gypsum crystals 

(10) Brucite limestone resembling weathered 
lamprophyre in color and appearance 


Although these lithostratigraphic subdi- 
visions confirmed isoclinal folding, only one fold 
axis (the northern axis through Chivo) was 
discovered. Attempts to discover other axes 
were unsuccessful because (1) only the dolomite 
and brucite limestone, which together form less 
than 10 per cent of the carbonate rocks, are 
distinctive enough to be recognized in any 
outcrop; (2) the limestones proper are sub- 
divided by subtle shades of color that are not 
sharp enough for stratigraphic distinction; (3) 
isoclinal folding is so intense that different rock 
types alternate abruptly; (4) rock flowage 
along strike is extreme, so that some units thin 
to disappearance; (5) cleavage and jointing are 
virtually absent and cannot be used to de- 
termine overturning. 

The most reliable exposures are on hillsides 
where runoff is rapid and rock faces dry. Where 
runoff is slow or continuous, water seeping 
through the overlying mantle coats outcrops 
with a buff-pink patina, or it may deposit 
layers of gray tufa several inches thick. Conse- 
quently exposures in many stream beds, par- 
ticularly where the stream is small or inter- 
mittent, are useless for mapping, because 
bedrock and loose rock fragments are cemented 
together and coated with thick sheets of 
travertine. 


Limestones Proper 


The outcrops of rocks of lithologies 1-8 are, 
in hand specimen, composed of equigranular 
relatively massive limestone and laminated 
limestone. These, perhaps, are equivalent to the 
crystalline and the quartz-bearing limestones 
of Thiadens (1937). Each is divisible into 
subtypes, between which every gradation exists 
as a result of (1) change in proportion of 
minerals, (2) change in grain size, and (3) 
flowage, injection, and mingling of units. The 
equigranular and laminated limestones are 
subdivided macroscopically as follows: 


Equigranular limestones 


Ei Black dense limestone with ‘diabasic” 
texture; grain size less than 1 mm 

E2 Speckled limestone intermediate between 

E1 and E3 

Mottled blue-gray and white limestone with 


augen of blue limestone averaging 14 (8) Apa 
inch in length, engulfed by white calcite. snedded. 
Laminated limestones (9) Epi 

L1 Silvery micaceous and schistose limes 
containing white calcite in many 
stained yellow with iron, hematite 
pseudomorphic after pyrite, and sideg 
veinlets commonly less than 1 inch thick J“ i0°-90 


L2 Gray schistose limestone of chloritic of plagioc: 
pearance; graphite content stains (10) Sp 
visible pyrite of 

L3 Red schistose limestone, slightly 
than L1 or L2, with abundant red he 4 
powder along laminae, micaceous | . 
present but not prominent + “ 

In general the equigranular limestones yj it 

massive outcrops. Flaggy outcrops are deve op a 
where equigranular and laminated _limestay bared of i 
alternate. 

Both the equigranular and laminated types Mined 

veined by calcite. Siderite is rare. In hand specimg Mealy 
quartz veinlets are inconspicuous, but some oy cen 
crops are cut by quartz veins up to 2)4 feet thi (1) Calci 

terial se 


Microscopically the difference between eqdbsore elong 
granular and laminated limestone as seen bine grain 
about 50 slides is one of degree only; each graiireult to 
imperceptibly into the other. The subtypbutiple. 
appear to depend upon the varying proportil 7) Quar 


of the constituents. or 
fuartz was 

EQUIGRANULAR COMPONENT: Sections sho¥ Booinated y 
granoblastic mosaic consisting of: 13. and it j 


(1) Calcite, comprising at least 85 per cent of 3) Hem 
rock and showing twin lamellae, usually two Jamas 
for each crystal, commonly bent. The lame bundant 
generally incline at 30°-50° to any foliation preseq#' scatt 
Much of the calcite is slightly biaxial and clougment of pyr 
gray to yellow owing to a high proportion of graff (4) Musc 
itic or ferruginous inclusions. In places the inclusitff about 5 p 
are concentrated into rectangular or Six in parall 
patches indicative of a pyrite or epidote ons 
partly or wholly replaced. sdender. enc 

(2) Quartz, averaging 5 per cent and invarial = d 
present either as rounded, elongated, or subangu (6 rr 
grains or as irregular patches or fractured vein %) Chior 
in places crenulated and indicating introduced prinned, wit 
recrystallized quartz. Under low magnification hid commo 
gas or liquid inclusions are visible, but extrd Polarization 
high-power magnification shows glassy pink Ho black. N 
clusions of indeterminate composition. rariety is | 

(3) Muscovite, averaging 3 per cent, as lavage at 
laths of varying length scattered through parallel; i 


sections. No alignment is recognizable. ith no rin 
(4) Hematite, translucent and blood red, Seams 
domorphic after rectangular pyrite. ne 
mor 


(5) Pyrite, surrounded by hematite. er 
(6) Magnetite, found in separations al T varietie 
not distinguished in microsection. Accessory 
(7) Graphite which, although suspected herous as | 
inclusions in calcite, is recognizable only in “fay not be 
rations. 


a 


Apatite, occasional, commonly broken and 
edded. 
(9) Epidote or clinozoisite in columnar ag- 
tes associated with iron-rich bands. Polar- 
ition colors are low-order dark grays; the optical 
sign is biaxial negative; the interference figure is 
r; and two cleavages are in some cases present 
at 10°-90° angles with one another. The possibility 
of plagioclase cannot be ruled out. 
(10) Sphene and chlorite as occasional constit- 
ents of the iron-rich bands. 
The different varieties of equigranular limestone 
sult from variations in size of the calcite and 


he \ariations in amount and distribution of inclusions. 
” e mottled subtype is an injection phenomenon 

rith light calcite surrounding and veining blue-gray 
Ylalite. Vein calcite is everywhere white, suggesting 
eve 


: that in recrystallization and injection it has been 
ared of inclusions. 
LAMINATED COMPONENT: The textures of sections 
amined range from gneissic-granoblastic to 
Pecimstensely crumpled, swirled, and microfaulted. The 
ME contain: 
t thie (1) Calcite, composing at least 85 per cent of the 
terial seen in the slides. Individual grains are 
re elongated than in the equigranular variety; 
fone grain boundaries are “fused” together and 
ificult to recognize. Twin lamellae are wavy and 
ultiple. 
(2) Quartz, poikiloblastic in calcite or as angular 
rnlets or lenticles along definite folia. No detrital 
quartz was seen, and this may be diagnostic of the 
sho¥ Boninated variety. There is more quartz in subtype 
4, and it is arranged in lenticles. 
J (3) Hematite and goethite compose most of the 
bundant red and brown powdery or mossy aggre- 
tes scattered throughout the calcite. Replace- 


pr 
d clougent of pyrite is especially noticeable in subtype L3. 
of (4) Muscovite, everywhere present in amounts 


iif about 5 per cent. It may be arranged sporadically 
in parallel or subparallel folia. In many places 
is corrugated and associated with dark graphitic 
wder, and it may occur in swirl aggregates with 
rtz and calcite (as a pseudomorph after garnet?). 
(5) Chlorite, of two types. One is colorless, 
inned, with lamellae at right angles to schistosity, 
d commonly occurs in the same folia as quartz. 
Polarization colors are dark gray (slightly yellow) 
black. No anomalous blues are seen. The second 
fariety is pale green, nonpleochroic, scaly, with 


lavage at high angles to schistosity. Its extinction 
e parallel; it is length slow and uniaxially negative 
4, ith no rings or colors; its polarization color is low 


d blotchy. The laminated varieties of limestone 
ntain more chlorite-serpentine than the equigran- 
T varieties, 

Aceessory minerals are apparently not so nu- 
cted herous as in the equigranular varieties, but this 
in “ray not be diagnostic. 
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Dolomite 


Dolomite outcrops are buff to light gray and 
appear kneaded and sculptured. Their thickness 
ranges from 2 to 20 feet and averages 5 to 10 
feet. Although lenticular dolomite was found 
only at Wilson Ridge, three-quarters of a mile 
west of Charco Azul, the Carlota variety, like 
many others, may be highly lenticular. The 
accompanying maps show only the actual 
outcrops; many of these undoubtedly connect 
under cover. 

In hand specimen this rock is gray, fine- 
grained, and has a dense gritty texture. Veinlets 
of quartz less than 1 mm thick are common. 
Pyrite cubes occupy some of the graphite- 
chlorite folia in drill-core samples. Micro- 
scopically the rock consists of a sugary mosaic 
of anhedral calcite and euhedral to subhedral 
dolomite. Muscovite is scattered throughout 
the slides. Hematite occurs either as dust or 
pseudomorphic after cubes and possible inter- 
grown pyritohedra of pyrite. 

Perfect euhedral crystals of black gypsum 
up to 5 mm long are scattered throughout one 
band of dolomite 6 feet thick on a road bend 
north of Charco Azul. This is at least locally a 
useful marker bed. 

Unfortunately the small gypsum crystals pull 
out when slides are made. However, thin 
sections show that the groundmass of the 
gypsiferous rock consists of cloudy fine-grained 
patches of calcite, rare muscovite, and abundant 
graphite surrounded by euhedral to subhedral 
dolomite with interstitial quartz and sporadic 
thin muscovite laths, all with a slight graphitic 
content. No hematite was seen. 

Approximately 45 gms of the rock was dis- 
solved in warm dilute HCl. The residue on 
filtration amounted to 5.8 per cent and, as 
confirmed by F. W. Dunning, consisted of 
black euhedral gypsum 1-5 mm long, containing 
clouds of dark inclusions, biaxially positive with 
2V = 60° and n, approximately 1.530, and 
chloritic mica with n, approximately 1.57 and 
containing dark inclusions. No anhydrite was 
detected in either of these two subtypes. 


Brucite Limestone 


An interesting brucitic limestone is exposed 
near limestone-schist contacts. Because of soil 
cover, outcrops could be traced only a few feet 
along the strike. This unit appears to be 1-4 
feet thick. The rock is brownish black, highly 
graphitic and dusty, and laminated and 
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speckled with laths (up to 10 mm long) of 
lustrous black brucite. This, too, is a useful 
horizon marker. 

Microscopic sections (Pl. 3, fig. 1) reveal a 
murky fine-grained aggregate consisting of 
brownish-black graphitic powder, poorly de- 
fined calcite granules, minute calcite veinlets, 
and very rare muscovite in small broken laths. 
The graphitic powder is arranged in parallel or 
subparallel lines and may occur in fuzzy rods 
at an angle of 25° with each other. The detail 
in the calcite is not clear, even under high 
power. 

Irregularly inset in the  calcite-graphite 
groundmass are elongated subhedral porphyro- 
blasts of brucite, uniaxial and optically positive, 
with zoned extinction and anomalous blue-gray 
interference colors. Smaller, usually clearer, 
crystals show good longitudinal cleavage with a 
suggestion of another cleavage at 75° to this. 
Graphitic inclusions are prominent parallel to 
crystal outlines, especially to the longer di- 
mensions. Generally the inclusions are a con- 
tinuation of the graphitic lines of the ground- 
mass. The brucite appears to have grown after 
the foliation of the rock developed. 

To supplement the thin sections the following 
studies were conducted. Samples averaging 6 
gms were dissolved in acid. The percentages of 
filtrate obtained from localities w, x, y, and z 
(Pl. 1) were respectively 17.8, 8.78, 28.8, and 
15.4. The residues revealed (1) abundant black 
flakes closely resembling graphite but identified 
by F. W. Dunning as chloritic mica (biaxial, 
optically positive, 2V very small, n, 1.57) 
containing hosts of minute dark inclusions, 
some of which may be carbonaceous, others 
ferruginous; (2) brownish fragments of hydrated 
iron oxide, possibly goethite, together with 
some finely divided micaceous material; and 
(3) minor amounts of magnetite, hematite re- 


PLATE 2.—PANORAMAS 


Figure 1. 


10 miles east of Minas Carlota. Note northerly slope of the dissected upraised peneplain which forms ta@ 


sky line (cf. Fig. 3). 


FicurE 2.—View from dolomite knob three-quarters of a mile west of Charco Azul, looking eastwarg 
toward Chivo (Peak 9) and La Barona (Peak 16). Two high-level terraces with elevations are shown. 

Ficure 3.—Panorama from Peak 5 looking southwest toward Guaos Hill (Peak 1) and the coastal plai 
On the left, an upraised peneplain surface slopes gently toward the right. Banding is visible in the Guaos # 


serpentinite. 
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placing pyrite, muscovite, irregular grains ¢j 


quartz, and possible undissolved brucite, 

As a check on optical identification {i 
chloritic mica was X-rayed. Two runs w 
made, the first, copper radiation with a nicl 
filter, for identification; the second, coball 
radiation and an iron filter, for photographigl 


reproduction purposes. The chlorite was founiiim 
(Tables 1; 2) to be sheridanite (McMurchyill ; 
1934). The sheridanite was also spectrographiy 


cally analyzed. Carbon, suspected from the 


optical analyses, was confirmed as a mingii 


constitutent. 


Halloysite 


Although the limestones of the Trinidad 


Mountains are subjected to tropical weathering = 


aluminous residual products are absent. Heay 


rainfall and high relief, which result in heavy} iim 


slope wash, are responsible. Pockets of bauxite 
may exist, but only where very unusual circum. 
stances favor their preservation. 

The only aluminous product discovered was 
a chalky white powder which encrusts an out- 
crop of limestone along the road leading to # 
Capitafi (Pl. 1). Microscopic examination indi- 
cates it is halloysite, extremely fine-grained and 


with a refractive index slightly greater than}. 


balsam. 


The material was X-rayed. Three runs wert 


made, the first, iron radiation for identification; 
the second, iron radiation and manganese filter 


for visual intensity determination; and tham 


third, cobalt radiation and an iron filter, f 
photographic reproduction (Table 3). 

The clarity of the X-ray pattern is good) 
Although several lines appear that are nol 


recorded by at least 6 authors, the extra lineji™ 


agree closely with those of the Mines Branchii™ 


Ottawa, Canada. 


Serrated limestone topography. Panorama looking west from Salto del Hanabanilla abou 


Figure 4.—A panorama, complementary to Figure 3 of this plate (building X is common to both pho 


graphs) from the saddle south of Gorro looking northwest across open, hummocky, schist country tov 


Peako (Peak 3), 
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The material was also analyzed spectro- 
graphically. Semiquantitative comparisons were 
made against standard calibration powders. 
The results are listed in Table 4. 

The possible significance of the halloysite 
cannot be considered here. No alunite or endel- 
ite were detected. The halloysite appears to 
have been deposited by ground water issuing 
between red clay and limestone. Its purity may 
indicate selective leaching or selective precipi- 
tation. 


ScCHISTS 
General Statement 


Schists of sedimentary origin occur within 
the map area (PI. 1) and to the east and south. 
\s with the limestones they lack fossils, are 
tightly isoclinally folded, and usually possess 
northerly dips. 

Schist topography is smooth and _ gently 
ling (Pl. 2, fig. 4). Soil is gray or silvery 
om the carbonaceous or micaceous constitu- 
pits. Thiadens (1937) mentions quartz-mica 
Khists with accessory garnet. At least seven 
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Carbonaceous Chloritic Mica Schist 


These schists are soft, soil the fingers, and 
weather to form gray soil. Fresh specimens 
suitable for thin sectioning are difficult to find 
Mineral separations show that the chloritic 
mica of these schists resembles that of the 
limestones in containing minute dark inclusions, 
some of which may be carbonaceous, others 
ferruginous. This is the commonest schist. It 
may grade into, or with isoclinal folding 
alternate with, quartz-mica-garnet schist. 


Quartz-Mica-Garnet Schist 


Where carbonaceous and associated with 
chloritic-mica schist, this schist easily 
weathered. By itself, it may form high ground; 
it occurs high up the north and south sides of 
Peak 4 (Pl. 1). The rock is corrugated and 
lustrous with silvery muscovite. The garnets 
vary in amount and size, are red, and give the 
rock a spotted appearance. 

Two varieties exist: variety 1 occurs 
throughout the area; variety 2 is restricted to 
the Maranon River north of Flattop (PI. 1). 

Variety 1 consists of lenticular sheared and 


is 


barieties of schists exist. sliced quartz, albite, and muscovite laths with 


PLate 3.—PHOTOMICROGRAPHS 


FicurE 1.—(X30) Brucite limestone. Brucite laths in a groundmass of graphitic dust and calcite granules. 
‘ote clear strips in brucite parallel to groundmass. Locality VY, Plate 1 

FicurE 2.—(X9) Garnet in graphitic quartzite. The euhedral garnets follow rock lamination. Cross- 
bedding is suggested by merging V at top left 

FicurE 3.—(X12) Magnetite skeleton in felted chlorite (clinochlore), cut by shear. Locality: Wilson 
Ridge, half a mile north of Gorro 

FicurE 4.—(X40) Goethite-chlorite schist. Biotite with cleavage at high angle to lamination, replaced 
y chlorite; quartz with inclusions (Q); apatite showing cross fracture. Locality: Charco Azul 

Ficure 5.—(X12) Albite-lawsonite-chlorite schist. Albite (Ab) and lawsonite in a chloritic groundmass. 
fhe sphenes (black) of the groundmass pass through the lawsonite crystal. Locality: gossan approximately 
miles east of Charco Azul 

FIGURE 6.—(X12) Serpentinite; antigorite with magnetite. Note relict of pyroxene outlined by finer- 
pruned matted antigorite and outlines of tubby lath-shaped mineral ophitically contained in the upper 
ght of relict of pyroxene. Locality: Guaos Hill 

Ficure 7.—(X24) Olivine-pyroxene rock. Cross-polarized light. Large first-generation (?) pyroxene 
Psbayed and surrounded by olivine, pyroxene, and amphibole with lines of included magnetite and green 
inel in the large pyroxene. Locality: Terminal Hill 

Figure 8.—( 18) Amphibolite showing incipient alteration. Granulation in hornblende and plagioclase 
a) with sheaves of anthophyllite developed along zones of microshearing. Locality 4, Cumanayagua- 
inas Carlota road (PI. 4) 

FiGuRE 9.—(X50) Amphibolite showing more advanced alteration than Figure 8. Sheared porphyro- 
sts of clinozoisite are set in a groundmass of nephrite, sericite, and altered plagioclase (lower left). Lo- 
lity 5, Cumanayagua-Minas Carlota road (PI. 4) 


| 
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occasional porphyroblasts of garnet. Rock 
deformation is indicated by curvature of the 
albite and swirl structure in the muscovite. 


TABLE 1.—X-Ray Powber LINEs OF SHERIDANITE 


(Cobalt radiation: iron filter) 


I d(kX A) 


a 


.35 (graphite) 


NN WORK UPA DUE 


| 
| 


* Obtainable only on long film (camera diameter 
114.3 mm) 


The fabric suggests some postcrystallization 
deformation. 

The albite is generally corroded and sub- 
hedral, in some cases euhedral. Subhedral 
crystals contain quartz and other constituents 
of the groundmass. Euhedral crystals form 
straight or curved blades and may contain 
dusty inclusions (graphite?) arranged in bands 
parallel to their length. Simple Baveno twinning 
and rare lamellar twinning are present. The 
garnet has developed in and includes the 
groundmass, the rotation and distortion of 
which it faithfully reproduces. Hematite forms 
metallic granules and spangles. No magnetite 
was identified. 

Variety 2 consists of garnet porphyroblasts in 


TaBLE 2.—STANDARD X-RAy Pownper calcit 
FOR SHERIDANITE pales, 

(From McMurchy, 1934, p. 423-424; maximy punded ¢ 
intensity—10; camera radius 57.3 mm, Inset 
CuK, 1.537) i large 
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a groundmass of lenticular calcite. In 
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2 Lingle calcite. Minor apatite in columnar aggre- Gra phitic Quartzite with Garnet 
pales, scattered sphene granules, and possible 
synded dolomite follow the rock lamination. Lome 
1m Inset in the groundmass are: porphyroblasts @Veraging 9 by 9 by 9 leet, he apparently 
"|i large euhedral garnet containing quartz horizontally at plane-table station Lt. 
aay Weathered surfaces exhibit a dull-black ribbing 


Tapie 3.—X-Ray Powver Lines of manganese oxide along the laminae which 

or HALLovsite range in width from a fraction of a mm to 2 or 

3 mm. Fresh surfaces are siliceous and show 

that the laminae are actually stratification 
i | planes with such features as cross-bedding. 


I d(kX A) Thin sections reveal predominant quartz, 
—————————————|—————————————————_ garnet, and manganese oxide. The quartz forms 
10 7.33 a mosaic of elongated grains, some of which are 
9 4.44 surrounded by a greenish film; others lack this 
8 4.12 film and show mortar structure. Small scattered 
2 3.72 rounded grains suggest that the original detrital 
1 3.60 shape of the quartz grains may be preserved. 
2 2.55 The garnets are minute, yellow, and euhedral 
2 2.34 (Pl. 3, fig. 2) and contain inclusions. They are 
1 1.67 aligned along certain laminae and appear to 
5 1.48 have developed in an impure sandstone. 
1 1.28 The manganese is black, in many cases 
1 1.23 colloform with brown translucent edges, and 


may be associated with carbonaceous material. 


TABLE 4.—SEMIQUANTITATIVE SPECTROGRAPHIC ANALYSIS OF HALLOYSITE 
(Analyses by Mines Branch, Ottawa, Canada) 


Elements—per cent 


| Fe bel Ms | Mn | Pb | Cr | Sn | Ni | V | Ca | Cu | Zn | Ti 
Nhite chalky powder encrusting | | | less | less less less less jless {less less 
limestone on roadside near El | jthan ithan |than than than than |than than 
Capitai, Minas Carlota 0.125150.02 0.005/0.02/0.002 


0.01 0.05 0.01 0.01,0.005,0.05 0.002 


clusions reproducing the swirl structure of It appears to be a late introduction, as it cross- 
fe groundmass; large augen of pale-green non- cuts rock lamination and coats and replaces 
ochroic diopside (2V about 50°) altered garnet. 

wg the margins to calcite and to yellowish- 


Fen chloritic glass; and scattered laths of Siliceous Graphitic Schist 
echroic (colorless to pale-blue) glaucophane 
tich appear to replace shredded ends of These are silver-gray to grayish-black schists 
pside crystals and to be associated with that soil the fingers. Unweathered specimens 
huscovite. are rare and have a gritty feel. The rock has 
rough, slabby, jointing parallel to and cutting 
Black Argillite across the schistosity. Steep crosscutting joints 


: are reported from similar (?) rocks in the Isle of 
By increase in carbon content, the carbona- Pines (Page and McAllister, 1944). Lineation is 
pous chloritic-mica schist grades into black present along planes of schistosity and is 

uillite. Good exposures are at Charco Azul caused by alignment of muscovite laths. 

Md southwest of La Barona (Pl. 1). North of The rock is the only one in which pyrite 
. In Mattop the argillite is dark brown and yields weathers out instead of being replaced by iron 
 laminections for manganese. All argillites are oxides. Weathered outcrops are rusty, with 
ws Walftremely weathered; most are soft, crumbly, yellow streaks and holes representing leached 
Ider thd damp and could not be sectioned. pyrite. The rock occurs in an area up to 1 mile 


| 
| 
| 
| 
| 
| 
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away from the graphitic quartzite into which 
it grades by increase in silica. 

Thin sections show quartz (40-45 per cent), 
carbonaceous and ferruginous dust (30-35 per 
cent), muscovite (10-15 per cent), garnet, and 
pyrite pits (10 per cent). The texture is highly 
plicated, with slippage along the limbs of the 
plications. The garnets are small and colorless, 
generally decomposed, and, apart from a 
marginal dusty layer, do not affect the sur- 
rounding minerals. With higher magnification 
the dusty material proves to be brownish red. 


E pidote-Quarts-Mica Schist 


These schists are interbedded with argillites 
and serpentinite schists. The association and 
“purple” color—common to many tuffs else- 
where—may indicate a tuffaceous origin. 

Under the microscope the rock consists of 
patchy and recrystallized quartz following 
schistosity; muscovite in wisps and _laths; 
epidote in knots and augen, cloudy with dusty 
hematite and carbonaceous material and 
forming granular aggregates or crude six-sided 
porphyroblasts; hematite in red lenticles, the 
corners filled with yellowish-green isotropic 
glass; and light-green pennine (?) in veinlets 
with fibers at high angles to walls of veinlets. 
The pennine is crosscut by muscovite and 
appears to be older. 


AGE OF THE CARBONATE ROCKS AND SCHISTS 


The limestones and schists of the Trinidad 
Mountains are of unknown age. Allende (1928) 
believed them to be Precambrian. Thiadens 
(1937) correlated them lithologically with 
schists in the Isle of Pines and in the lower San 
Andres formation of Pinar del Rio. As the 
upper San Andres was supposedly Upper 
Jurassic-Lower Cretaceous (Vermunt, 1937), 
he regarded them as pre-Upper Jurassic. 

The lower San Andres formation (Cayento) 
has recently been dated as late Dogger 
(Krémmelbein, 1956). To assume that the rocks 
of the Trinidad Mountains are necessarily of 
the same age would be unwise. More than 50 
per cent of the Cayento formation rocks are 
sandstones, which on metamorphism would 
form quartzites—common on the Isle of Pines 
(Rutten, 1934; Page and McAllister, 1944) but 
rare in the Trinidad Mountains. 

Within the mountains the age relationship 
between limestone and schist is unknown. The 
limestone is depicted as older (Pl. 1), because 
limestone ridges as indicated by fold noses are 
anticlinal, and schist lies directly underneath 
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younger amphibolite. However the ridges may tinites fc 
be antiforms (Bailey and McCallien 1937), anif hey fort 
the juxtaposition of schist and amphiboli: iad joint 
may be fortuitous. Serpen 

Faulting, isoclinal folding, and overburdefyary ver 
prevent an immediate solution to the problems the pr 
For the present, the limestones and schists anfyssan at 


regarded simply as ‘‘Mesozoic”’. iithough 
tinized, tl 

IGNEous Rocks and mi 

{cording 


General Statement 


Igneous rocks of the Caribbean region ar 
discussed by Schiirmann (1935), Weyl (1950 
Mitchell (1955), and Butterlin (1956). Analys 


and descriptions of rocks from southern Lagfill wher 
Villas are given by Schiirmann (1936) andpore of the 
Thiadens (1937). ndicates ¢ 

The igneous rocks here discussed are imgutact is: 
mediately adjacent to, or within, the Trinidaglte body 


Mountains. The diorite to the north is nogrthan ell 
described. Macrose 
Although with one exception contact effectgark-green 
are lacking, the igneous rocks are considerefllished s 
younger than the enclosing limestone angolygonal 
schist. Nothing indicates that the sedimentgearance v 
now represented by limestone and schist we 
deposited unconformably on an igneous basef 
ment. 
The igneous rocks are divided into (1) fing 
grained serpentinites and their schistose angsite, gar 
chloritic derivatives, (2) nodular serpentinity The acti 
and olivine rocks, and (3) amphibolites. 
For the present, two groups of serpentini 
rock are distinguished, based on field, m 
scopic, and microscopic characteristics. 
group may include rocks different in age, origi The zoisit 
or degree of serpentinization. In particular tiftuals are 
second group is broad and includes rocks whidf 
contain olivine or relicts of olivine. Pp 
All the igneous rocks contain much magnetifsite aggre 
as dust or, less usually, as granules ay The garne 
stringers. Because of the fine particle sf bough the ; 
separation is difficult. Approximate estimalyteentrical] 
range from 7 per cent for the amphibolites tines of W 
25 per cent for veins in the Guaos Hill serpafmer miner 


tinite. The calcit 
nor amour 

Fine-Grained Ser pentinites tnolite. Fi 

Se 1S Sugge: 

Rocks of this category correspond to §..;, the | 


serpentine schists of Thiadens (1937) and | Rutile and 
greenstones of earlier reports. They StBi.4 mu 
eastward from Honeymoon Hill through Ih staining 
main Carlota Valley and comprise 
fine-grained felted rocks which originallY renting 
have been different but are now serpentiml t serpenti 
and chloritized. Where massive these sep mever, (1) 


kerpentini 
or 
INCIPIE? 
empentiniz 


'S mayfiinites form high ground, but where schistose 
1), ani} hey form depressions. Contact metamorphism 
uibolite}and jointing are absent. 

Serpentinization of the fine-grained type may 
burdejvary vertically, laterally, or in part according 
yblems fio the proximity of faults. Drill cores from the 
sts arossan area north of Gorro (Pl. 1) show that 
though outcrops appear completely serpen- 
jaied, the rock below may be only partially 
) and may contain unserpentinized actinolite. 
\ccordingly, on the basis of surface information, 


epentinization is described as _ incipient, 
ion arfartial, or complete. 
INCPIENT SERPENTINIZATION: Incipient 


pentinization is found only at Honeymoon 
il] where actinolitic serpentinite forms the 
wre of the mountain. The contact on the north 
dicates a northerly dip of 30°; the southern 
tact is steeper, but the exact dip is unknown. 
e body appears to be a pluglike intrusion 
is nogrth an elliptical outcrop. 
Macroscopically the serpentinite is a tough, 
 effect#ark-green rock with rusty phenocrysts. 
rsiderefilished sections are green and white with 
ne angiygonal iron stains and are of igneous ap- 
dimentparance with diabasic texture. Relicts of a 
ist wergger mineral (plagioclase of pyroxene?) are 
pparent. 
Thin sections confirm the relict structure and 
fingeow rectangular areas composed of actinolite, 
psite, garnet, calcite, plagioclase, and rutile. 
entinitd The actinolite is pale green with brownish 
5, rangular cross sections. The mineral outlines 
ntinizegttangular areas as border laths but also may 
1, meg@! them. The border laths are commonly 
cose, 
if The zoisite forms brownish aggregates. Indi- 
jiuals are too small for positive identification 
may include some idocrase. Antigorite and 
borite are present in places as part of the 
nagnetifisite aggregates. 
iles af The garnets form euhedral crystals scattered 
icle si@ough the zoisite areas. They may be arranged 
estimat Peentrically or clotted into polygons, the 
polites Fines of which may replace the cleavage of a 
ll — mineral, possibly pyroxene or amphibole. 
the calcite and plagioclase (Anj5.25) occur in 
ior amounts and are usually associated with 
faolite. Former lamellar twinning in plagio- 
sis suggested by lines of inclusions and clear 
in the brown zoisite areas. 
Putile and possible perovskite are found in 
Ficred murky-brown areas associated with 
P staini ng. 
telationship between actinolite and 
‘geuuine is confused. Thin sections suggest 
Ht serpentinization followed actinolitization. 
Seprever, (1) elsew here, in the faulted 
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amphibolite, actinolite is the latest mineral and 
(2) movement appears to have been repeated 
along the east-west faults, so that actinolite 
may be of different ages. 

PARTIAL SERPENTINIZATION: Increased 
serpentinization is shown by the rock im- 
mediately south of Gorro. The north contact is 
faulted; the fault plane dips 70° north. Other 
contacts are covered. On Peak 8 the rock is soft 
and light green, shows a glassy felted texture, 
and contains reddish-brown streaks. 

Thin sections reveal that pennine and 
serpophite have increased in amount. Talc also 
has increased but is erratically distributed. 
Plagioclase (Anjo) and sphene are associated with 
irregular patches of murky-brown rutile. 

COMPLETE SERPENTINIZATION: Serpentini- 
zation is complete on Wilson Ridge and near 
Gossan 2 and is also indicated at Gossan 1 and 
3 by loose float. The differences between these 
rocks are best considered by describing the two 
extremes—samples from Gossan 2 (one quarter 
of a mile north of El Puerco) and Wilson 
Ridge (half a mile west of Charco Azul). 

Hand specimens of gossan 2 serpentinite 
resemble those from south of Gorro, but they 
contain more blue-green patches (averaging 5 
mm in diameter) of structureless serpophite. 

Microscopically the rock is a meshwork of 
fibrous antigorite, clear patches of serpophite, 
occasional lenticles and bursts of minutely 
felted talc needles, veinlets of magnetite dust, 
and scattered spangles of red hematite. Darker 
cloudy yellowish-green areas show finer-grain 
antigorite pseudomorphic after actinolite. The 
square outlines with truncated corners of these 
relict areas suggest that the actinolite was itself 
replacing an earlier mineral, probably a pyrox- 
ene. 

At Wilson Ridge, development of fine-grained 
serpentinite, as indicated by surface outcrops, 
reaches its maximum. The rock is soft, apple 
green, and minutely felted with thin veinlets 
(maximum width, 1 mm) of magnetite dust. 
Picrolite, confirmed by X-ray analysis, is found 
at one locality associated with magnetite (Hill, 
1958b, p. 969). 

Thin sections reveal a uniform crisscrossed 
antigorite. Isolated relicts of former minerals 
are outlined by finer-grained, darker antigorite. 
Magnetite is ubiquitous as dust, stringers, and 
aggregates. 


Schistose Serpentinites and Chloritic Schists 


Schistose and chloritic derivatives exist (1) 
along sheared margins of large serpentinite 
bodies, e.g., south of Gorro (PI.1), (2) where 


serpentinite is thin and sheared, and (3) where 
serpentinite grades into carbonaceous schist. 

TALC-CHLORITE SCHISTS: These are partly 
equivalent to the chlorite schists of Thiadens 
(1937). They are soft, of greasy feel, with red 
ferruginous laminae, and contain minute matted 
fibers of tremolite. Drill cores reveal that they 
are commoner than surface outcrops would 
indicate. Some may have developed along 
horizons of sheared dolomite. 

MAGNETITE-CHLORITE SCHIST: Greenish chlo- 
ritc rocks with octahedra (up to 7 mm long) of 
black, shiny magnetite occur along the margins 
of many serpentinites. The largest outcrop is 
on Wilson Ridge. It may be traced laterally 
for 150 feet. Ferruginous laminae indicate 
schistosity dipping 40°-60° north; this is ap- 
proximately the same dip as that of the sur- 
rounding rocks. 

Thin sections show intermeshed tufts of pale 
pleochroic yellow to green chlorite, biaxially 
positive (2V = 5°-10°) with good cleavage, 
parallel extinction, and occasional anomalous 
polarization. X-ray powder lines for this 
chlorite are fuzzy but agree with those for 
clinochlore. 

The chloritic groundmass contains large 
cuhedral magnetites and magnetite skeletons 
(Pl. 3, fig. 3), occasional columnar apatites, 
rare idocrase (?), slightly bluish with extinction 
up to 10° and biaxially negative, and minute 
grains of broken epidote. Rectangular relict 
areas are discernible under crossed _nicols. 
Minor antigorite fills the ferruginous laminae 
noted in hand specimens and may replace 
tremolite-actinolite. 

GOETHITE-CHLORITE SCHIST: A waxy, yel- 
lowish rock with goethite pseudomorphous 
after striated pyrite cubes (up to 1 cm long), 
quartz lenticles, and reddish hematite laminae 
is exposed in Charco Azul (PI. 4). 

Thin sections show that the yellow color is 
derived from chlorite after biotite, films of 
serpentine (PI. 3, fig. 4), and rare talc. The 
variety of chlorite could not be identified; 
X-ray powder lines are too fuzzy. 

The chlorite infiltrates the biotite, which is 
pleochroic from colorless to yellow green. 
Cleavage in the biotite is at high angles to that 
in adjoining laminae; thus if oriented specimens 
could be collected, it might be possible to 
determine the relative direction of rock move- 
ment. 

The quartz is lined with solid inclusions, is 
margined with apatite, and contains colloform 
goethite. It appears to have been introduced 
after the pyrite. Also present are colorless, 
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idioblastic garnets, euhedral zircons, aggregats| Vedula 
of dark-brown sphene and yellow rutile, ay 
sporadic talc. Membe 
The goethite is translucent reddish brow spentini 
and was identified by X-ray analysis. Ljunggrer udes 
(1958, p. 23) describes schists where the chin m° 
rite formed probably “as a result of the def! ‘ie # 
composition of biotite by the action of sulphur, ivine PY’ 
acid formed from the partial decomposition 
pyrite”. ppentinit 
The schist and the amphibolite (to the north St 
both have a high visible titanium content ang “" | 
much introduced quartz. However, the possible 2” 
relationship between these two rock typef at 1 
cannot be settled on the basis of one smalf‘?SP! 
outcrop, for TiO, and SiO, are both mobig™ey St 
constituents. an an ill 
ALBITE-LAWSONITE-CHLORITE SCHIST: Chh issal (1 
rite schists with porphyroblasts of albite an €se" 
lawsonite occur approximately 10 miles east of "eather 
Charco Azul. The schist is exposed about 20g 4%, 
feet south of a pyritic gossan, strikes in typly br 
same direction (east-west), and appears to gipiules (1 
steeply northwards. It is at least 8 feet thidf? mat 
The rock is green with crystals of whi 4 %@ 
hexagonal albite and gray rectangular lawsonite’™! ess) 
Chloritic tufts parallel or at high angles q'*™S UF 
the over-all schistosity (Pl. 3, fig. 5) constituig#¥ S¢™P 
the groundmass. Relicts of amphibole ag" Ve 
outlined by tufts at 120° angles. The chloriteif P cen 
pale green, weakly pleochroic, and extinguish F conceal 
obliquely at 2°-5°. Refractive indices are dif® 24PPI 
ficult to obtain; the chlorite was identified b Contact 
X-ray analysis as clinochlore. appea: 
Irregular granules of sphene follow th mlact 1S C 
crumpled rock laminae and run through bo leet fro 
lawsonite and albite. Small crystals of apatit lamorphi 
needles of actinolite, and clean and ming)" sect 
garnets and bluish anatase (?) are scatter antigo 
throughout the groundmass. ms pe 
Albite porphyroblasts are colorless, euhedrd co 
and riddled with needles of actinolite. = olivi 
porphyroblasts show simple and lamellar twi nntigorite 
ning and have 2V = 80° (approximately? mesh 
The lawsonite is gray and usually rectangué oad min 
No actinolite is seen in the lawsonite, whi igorite (J 
appears to have formed before the albif mphic are 
Incipient albite is possibly represented gcton and 
patches of the groundmass that show unifo 
polarization. Rar 
Lawsonite-chlorite schists occur northeast plec 
Santa Clara (Schiirmann, 1936). The form “a occur 
for this lawsonite is given as 2H,0-2Si ent bot! 
AlsO3:(Ca, Mg, Fe, Nao, K2)O. Harker (19 and 
suggests that lawsonite is perhaps the 9 a vel 
step in the formation of zoisite or epi aa of 
from anorthite. == 


. 
“J 


pregats| Nodular Serpentinites and Olivine Rocks 


le, ax Vembers of this group contain olivine or 
prentinized relicts of olivine. The group 
unggre dudes rocks different in age and perhaps in 
he chlo Fin, including (1) the Guaos Hill serpentinite, 
"D) the amphibolite serpentinites, and (3) the 
“Kiine pyroxenite north of Wilson Ridge. 
"| HILL SERPENTINITE: At a distance, this 
foatinite body (PI. 1, Pl. 2, fig. 3) shows a 
e norihpieted structure dipping approximately 30 
ent ang’ At close range this layering is not ap- 
possitigets and only a rough sheeting, broken by 
Ants at right angles, is visible. Nevertheless 
study of aerial photographs 
- mobigmely suggests that the apparent dip is more 
wn an illusion. Schiirmann (1935, p. 345) and 
sel (1956) report layered gabbro-serpen- 
bite elsewhere in Las Villas Province. 
Weathered surfaces are nodular, appear some- 
lat waxy, and show variegated coloring. 
s in tystly broken surfaces expose pinkish-yellow 
s to diapiules (1 cm maximum length) set in a gray- 
ot thigh? matrix. The rock is highly magnetic. 
¢ whigi a lens, thin veinlets (1 cm maximum 
wsonitepkness) of dusty magnetite are visible. 
gles t Veins up to 18 inches thick of a smooth 
onstitut¥ serpentinite cut the nodular serpentinite. 
sole af ese veins magnetite is conspicuous (up to 
hloriteif Pet Cent) in wavy stringers. Many veins 
nouisheft ncealed; limited exposures prevent accu- 
are Mapping. 
tified ntact metamorphism of the surrounding 
k appears absent, for although the actual 
low tlact is concealed, limestone and schist about 
igh boif et from the inferred contact show no 
“apatit lamorphism. 
sections show aggregates of serpophite 
scatteref! antigorite. The serpophite is yeilow, 
ples patches within the antigorite, and 
ouhedf"4ins cores of magnetite. It appears to 
olivine. 
lar twigUtigorite (2V = 85°) occurs predominantly 
imate? Mesh aggregate but also as veinlets. 
tangug'™er minerals are outlined by a finer-matted 
e, whi igorite (Pl. 3, fig. 6). Many of the pseudo- 
e altit mphic areas show uniform and parallel ex- 
nted Pon and may represent rhombic pyroxenes. 
unifog"*’ DOnmatted areas of antigorite show 
ly traces of amphibole and pyroxene cleavage. 
-theast Rare pleochroic tufts of yellowish-green 
forme occur with the antigorite. Magnetite is 
Q- 2sigeat both in serpophite and as dust in 
er and grids. 
the iW vein serpentinite proves in thin section 
of fine-grained felted antigorite with 
tered strains of magnetite dust. Bastite, 


brow 


bite an 
east 
out 
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with typical texture after rhombic pyroxene, 
is well developed. Large areas of magnetite 
are ophitic toward antigorite, and larger clots 
surround brown chromite. No picotite was 
detected. 

AMPHIBOLITE SERPENTINITE: Amphibolite ser- 
pentinite is the name here given to partially or 
completely serpentinized igneous rocks cropping 
out along hilltops in areas of amphibolite. The 
original rocks appear to have been olivine 
pyroxenites. These have been serpentinized. 
The problem is which came first—serpentiniza- 
tion or amphibolitization? 

Although contacts between the serpentinized 
pyroxenites and the surrounding amphibolite 
are hidden, the unaltered condition and the 
magmatic texture of the amphibolite strongly 
indicate that it is younger and engulfs ser- 
pentinized remnants of older rocks. Thin sec- 
tions suggest that the green amphibole in these 
remnants is a late introduction. 

Under the microscope the partially ser- 
pentinized pyroxenite consists of large pyroxenes 
embayed and surrounded by olivine, smaller 
pyroxenes (second generation?), and an amphi- 
bole. 

The large pyroxene crystals (Pl. 3, fig. 7) are 
gray and nonpleochroic (2V = 60°). They 
contain plates and rods of magnetite and green 
spinel in planes parallel and at right angles to 
the longitudinal cleavage of the pyroxene. 

The olivine, with low first-order polarization, 
forms rounded subhedral crystals and broad 
veinlike clusters. Wide twin bands _ parallel 
crystal length. The smaller pyroxenes form 
short subhedral crystals and show weak pleo- 
chroism from colorless to pale green. The 
amphibole is pale green and weakly pleochroic; 
it is length slow with a large 2V angle and has a 
maximum extinction of 15°-20°. It is anhedral 
and interstitial. Veinlets of yellow serpophite, 
granules of magnetite, and green spinel compose 
the remainder of the groundmass. 

The more highly serpentinized rock is 
variegated yellow green with black veinlets. 
Thin sections show colloform serpophite and 
rippled magnetite infiltrating and surrounding 
mineral components. Fine, parallel-tufted anti- 
gorite occupies distinct areas; hematite has 
increased in amount. 

OLIVINE PYROXENITE: Olivine pyroxenite 
crops out approximately 1 mile north of Gorro 
(Pl. 1). It is overlain by limestone which dips 
40° north. Although the contact is partly 
covered, metamorphism of the limestone is 
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apparent—the only example of contact meta- 
morphism discovered. 

The pyroxenite is a tough, dark-green rock 
with salmon-colored ellipsoidal olivines (maxi- 
mum dimension 2 by 5 mm). Weathered 
surfaces are brownish. 

Microscopically the rock is hypidomorphic- 
granular with 35 per cent augite, 35 per cent 
hornblende, and 25 per cent olivine. Despite 
the lack of serpentinization, microsections re- 
semble in many respects those from the ser- 
pentinized pyroxenites of the amphibolite 
areas. 

The augite, 2V = 45°(?), is pale gray and 
contains included rods and plates of green 
spinel and magnetite. These appear to bisect 
the rectangular cleavage intersections and to 
make a 70° angle with many of the longitudinal 
cleavage traces. The olivine is subhedral and 
stained reddish yellow. Minor antigorite and 
chlorite are grouped together at augite in- 
terfacial angles. The hornblende is anhedral, 
shows schiller structure, and is pleochroic from 
pale yellow (@) to light green (y). It appears to 
have been the last mineral to crystallize. 

Above and grading into the pyroxenite is a 
garnet-pyroxene rock at least 4 feet thick. The 
garnets are euhedral, in part rimmed with 
veinlets of magnetite, and contain older laminae 
of a dark unidentifiable powder; crystals, 
needles, and grains of pleochroic yellow to 
brown piedmontite; and angular, fractured 
(?) quartz. The pyroxene (hedenbergite ?) is 
pale green, nonpleochroic, occasionally twinned ; 
it surrounds the garnets. It is columnar with 
squat .cross sections and contains lines of dust- 
gray powder. Muscovite occupies shears in the 
garnets. Sphene and calcite are ubiquitous. 
Quartz crosscuts all other minerals. Mineral 
percentages are: pyroxene, 50; garnet 40; the 
remainder, 10. 

Sheafing through the garnet-pyroxene rock 
are veins composed of columnar zoisite (2V 
approximately 30°) with slightly oblique extinc- 
tion, minor epidote, and clinozoisite. 

For 30 feet above the contact, the limestone 
contains scattered garnet, sphene, chlorite, and 
muscovite. Clinozoisite (2V = 80°) wraps the 
garnets. Minor irregular quartz is also present; 
some detrital grains are suggested by their 
outlines. No wollastonite was detected. 


Amphibolites 


Immediately adjacent to the mountains, 
amphibolite separates diorite from limestone 
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and schist (Hill, 1958a). The northern con 
of the amphibolite, although Poorly expos 
shows intermingling of amphibolite and dior, 
The southern contact is faulted and dips steep 
northward, with amphibolite resting abo 
carbonaceous graphitic schist. 

No extensions of the diorite and amphibgli T 
were found within the mountains. To investiga | 
the possibility that the amphibolite and th 
serpentinites might have a common magmaif_ 
source, seven samples were analyzed spectnp” Li 
graphically for chromium, cobalt, and nick—=-—— 
Semiquantitative comparisons were made wij 


The irot 
d rare 1 
tially al 
ALTERED 
hibolite a 


: Guaos 
standard calibration powders (Table 5). Mo ulat 
sampling and greater sensitivity are requir nite 
before any significance can be attached to th) Fine-g 
similarity between results. sery 


The origin of the amphibolite therefg Wil 
remains uncertain. It may represent (1) a Fine-g 
intrusion earlier than the diorite, (2) a bad ser 
border phase of the diorite (Thiadens, 193i} soy 
(3) limestone assimilation by a dioritic magmd, | Lawsc 
(4) an intrusion later than the diorite, (3 rite 
metamorphosed diorite, or (6) metasomatiag | gan, 
dolomitic limestone. | east 

Deep weathering and soil cover prevent a} ayy 
definite solution to the problem. The meagd; 
outcrops that exist reveal gneissic amphibolif | 
and diorite so intimately mingled that it of 
impossible to decide which is the intrusiy Hill 
body. A tentative explanation might invol; 
theories 2 and 3. Later faulting has cauq | {¢, 
dynamic metamorphism of the amphibolf (py, 
near the contact, but this does not explain th; | sheare 
origin of the amphibolite, which aver | lite 
1200 feet in thickness. (Pl. 

The gneissosity and the apparent intrus’ 
nature of the amphibolite, if not wholly 4 
veloped when the diorite came into place, m@derlying : 
have formed subsequently when the mountaf fault m 
front was flexed. «hibited 

UNALTERED AMPHIBOLITE: The amphiboli 
where unaffected by cataclastic or dyn 
metamorphism is a gneissic green and vii 
rock. Its grain size approximates 1 by 5 
All samples are noticeably magnetic. 

A hypidiomorphic-granular texture fo 
by hornblende, andesine (Ang5-s5), and ace 
iron ores shows up under the microscope. 
hornblende (2V = 65°) is strongly pleoc 
from yellowish green (a) to blue green (fthin sect 
It is usually anhedral, but cross sections #y chan, 
subhedral. hroism, 

The andesine forms large tabular crys radically 
and smaller rounded ones. Both show laméf* #2oun! 


albite and pericline twining. With adv, 


sample; 


The iron minerals are magnetite, ilmenite, 
nd rare flakes of hematite. The ilmenite is 
dori’ irtially altered to leucoxene. 
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appear. These include epidote (2V 70° 
plus) wrapped by actinolite; pale-pink, broken 


garnets with separated fragments; quartz show- 


Steel TERED AMPHIBOLITE: Although the am- ing mortar structure or, where squeezed between 
| Abo bolite appears to rest undisturbed on the amphibole and epidote, rare strain shadows; 
hhiboli TABLE 5.—SEMIQUANTITATIVE SPECTROGRAPHIC ANALYSES OF IGNEOUS Rocks 
Cnalys ses by Mines Branch, Ottawa, 
spectnf” Locality | cr Ni No (2) Me] Fe | Al} V | Ca} Cu | Ag} Ti 

| 


de wi; Guaos Hill nodu-0.01 (0.4 0. 5 | 0.03 0. 004 


10 15) 5 | 1 0.03 


). Moy ular serpenti- | | | | | | 
requir nite | | | | | 
1 to thy) Fine-grained (0.0250. 130.38 | | 
serpentinite | | | | | | | 
herefoy Wilson Ridge | | | | | | 
bas serpentinite | | | | 
193i south of Gorro | | | | 
magm§s | Lawsonite-chlo- 0.015,0.02 0. 05} .. | | | ree 
ite, (3 rite schist, gos-| | | | | | | 
matia san, 10 miles | | | | | | | | | | 
east of Charco | | | | | | | | 
ent Azul | | | | | 
meagy Amphibolite, 10. 0060. 010. |. | 
hiboli mile northw | | | | | | 
at it of Terminal | | | | | | | | 
ntrusi Hill | | | | | | | | 
invol; Amphibolite,  0.006.0.070. 06 | rae | 
causy Locality | | 
hhiboli (Pl. 4) | | | | | 
lain th Sheared amphib- 0.006 0. 08 0. 05 | 
olite, Locality | | | | 
| 
olly d 
ce, m@derlying schist, locally it has been disturbed irregular stringers of sphene, surrounding 


jountaf fault movement. Dynamic metamorphism 
ahibited in specimens 3-9 collected along the 


shiboliftmanayagua-Minas Carlota road (PI. 4). 
jynamjlocal metamorphism appears related to 
d whifvement along several minor faults and 


rs. Therefore the degree of metamorphism, 
sen in hand specimens, varies from sample 
sample; altered but massive rock alternates 


ccessifih sheared schist. As expected, more ad- 
pe. TBnced dynamic metamorphism is shown by 
eochi# schistose varieties. 


rchroism, and anthophyllite has developed 
radically along microshears (Pl. 3, fig. 8). 
€ ammount and crystal size of the andesine 
decreased. 

With advancing metamorphism new minerals 


ilmenite, which in turn surrounds deep-yellow 
rutile; and scattered, slightly biaxial apatite. 
Many sections of epidote, dark under crossed 
nicols, do not show cleavage and in ordinary 
light might be mistaken for olivine or diopside. 

More advanced alteration in the massive 
rock has led to the disappearance of hornblende 
and andesine. Thin sections reveal porphyro- 
blasts of clinozoisite set in a disturbed and 
cloudy groundmass (PI. 3, fig. 9). 

The clinozoisite (optically positive, 2V 
70°) is sheared and embayed by a groundmass 
of nephrite composed of fine antigorite and 
actinolite, nebulous and cloudy oligoclase- 
andesine (Ango.35), and sericite and chlorite 
replacing plagioclase. Sphene and larger laths 
of actinolite are scattered throughout. 

The most disturbed rocks are the schistose 


| 

form 

een ({Thin sections of the massive rock reveal 
ions #1y changes. The hornblende has lost its 

crys#f 

lame 
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varieties. In thin section, laminae of fibrous 
actinolite are cut and coated by chlorite, talc, 
and possible nephrite; albite is riddled with 
needles of actinolite; individuals or masses of 
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grained variety (see gossans of Pl, 1) 
perhaps be relicts of contact metamorphi 
The fine-grained type has been folded 
faulted, whereas the nodular serpentinite 


CORDILLERA’ 


FiGuRE 2.—POSTULATED TERTIARY THRUSTS IN THE STRUCTURAL HiGHs oF CUBA 
(After M. T. Kozary, 1954, unpub. PhD thesis, Columbia Univ.) 


zoisite, epidote, decomposed ilmenite, calcite, 
and sphene are ubiquitous. Quartz showing 
mosaic structure is a late introduction. 


Problems of the Serpentinites 


The division of serpentinites into fine-grained 
and nodular types is convenient for field 
distinction. The question arises, whether the 
two types are of the same origin, with different 
textures merely representing different tectonic 
environments. 

Spectrographically, although the Guaos Hill 
nodular serpentinite and the Wilson Ridge 
fine-grained type show higher percentages of 
Co, Cr, and Ni than the other rocks analyzed 
(Table 5), the results are not conclusive in 
view of the small number of samples. 

Microscopically the fine-grained serpentinites, 
compared with the nodular types, show grada- 
tion into, or association with, an actinolitic 
“greenschist” rock; occasional relicts of py- 
roxene; and, except for Honeymoon Hill, an 
absence of olivine pseudomorphs. 

In the field, differences show up when the 
two types are compared. The nodular type, 
judging by its crosscutting outcrops (Pl. 1), is 
intrusive, and large masses of the fine-grained 
variety may also be intrusive. Smaller bodies 
of the fine-grained type apparently grade into 
epidote schists, suggesting that they may 
represent altered flows or tuffs. Although both 
types lack evidence of contact metamorphism, 
the pyrite deposits which surround the fine- 


pears to have come into place after foldiy 
(e.g., Guaos Hill) and may thus be intrusi 
and younger. 

Therefore mostly on field evidence, ‘! 
fine-grained serpentinites are considered old 
than the nodular ones. 

The origin of serpentinites is beyond t 
scope of this paper. Many hypotheses ha 
been advanced to account for their genesis a 
mode of emplacement (Hugh Gabrielse, 19 
unpub. Ph.D thesis, Columbia Univ.). Tj 
relative ages of West Indian serpentinites 4 
summarized by Mitchell (1955). 

Although late faults are parallel to the o 
tacts between serpentinites and _limeston 
no evidence exists that the serpentinites repy 
sent cold intrusions (Taliaferro, 1943; Kozayj 
1956). In addition nothing indicates 
magnesian serpentinizing solutions were leach 
from dolomitic horizons. However shear 
along possible tuffaceous horizons (B and 
faults, Fig. 3) may have formed chlorite schis 
by the addition of Al,O; in the form of hydra 
aluminum silicates or hydrous alkali aluminu 
silicates. 

The concordant “bed ‘ed’ nature of many: 
the serpentinites here described raises 4 
possibility of a sedimentary origin. This p' 
sibility may be eliminated, at least for 
majority of the serpentinites, because 
sections show that igneous rocks have 
serpentinized, and the concentration of ni 
chromium, and cobalt is too great (Fai 
Murata, and Fahey, 1956). 
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STRUCTURAL GEOLOGY 
Folding 


Many of the isoclinal folds are bent. The 
bending may have been contemporaneous with 


TABLE 6.—AzIMUTHS* AND 


| 
S.W. of Barona | Minas Carlota | North of Chivo | Amphibole Hill | 


E-W (B) NE-SW (A) 


E-W (B) | 
NE-SW (C) | NE-SW(C) | E-W(B) 
N-S (E) | N-S (E) | NE-SW (C) 
NW-SE (F) E-W (G) | E-W (D) 


E-W (G) NW-SE (H) 


N-S (E) 
NW-SE (H) | 


tems; “A” is the oldest system. 


isoclinal folding. However as three orogenies 
after the formation of the Trinidad Mountains 
are reported (Thiadens, 1937), the bending or 
cross folding may well have been later. 


Faulting 


Relief from isoclinal-folding pressure appears 
to have been predominantly “‘upward”’; reverse 
faulting, much of it contemporaneous with 
isoclinal folding, is prominent. Most of these 
faults follow bedding and are difficult to 
recognize. 

Tranverse faults, because of the lack of 
traceable units, are also difficult to recognize. 
Although the surface displacement of some of 
these faults is conjecturable, relative move- 
ment, whether normal, reverse, or tear (strike- 
slip), is unknown. So far as determinable, the 
intensity of folding on either side of these 
transverse faults is the same. 

Interpretation of any faulted area consists 
of grouping the faults according to strike, 
noting whether one system offsets or is offset by 
another, and critically examining associated 
structures. 

Difficulties in applying these criteria were 
at once apparent. Many faults change strike 
or may dip in opposite directions at different 
places. Many fault intersections are covered. 
Also, because one fault ends at, or is offset by 
another, it is not necessarily older—the two 
may be of the same age. Apart from the hard 
limonites of Gossans 2 and 3a (Fig. 3), the 


banding of which indicates that the underly 
ore bodies occupy tension Cavities, no struct 
are preserved in the soluble limestone. 


* Azimuths are approximate; units vary up to 10° either side. Letters in parentheses correlate fs 8:1. | 


schistosity, slickensiding, shearing, or joint ctinolit 
were found along any fault. 300-400 
singularl 

TENTATIVE AGES OF FAULTS The p' 
studi od 

South of Hon- | one f 

| Peak 5 reverse 

| eymoon Hill | Later 

E-W (G) | E-W (G) | E-W (G)_fhetween 

| NW-SE (H) | NW-SE (H) | NW-SE 
E-W (1) | E-W(D | E-W (1) [heijzer 
| N-S (J) | from oth 
| The 
| the mou 
= _kkre not § 
forest an 
1958, pr 

Despite the limitations and difficulties} , 

volved, fault intersections and strikes wd 


analyzed in certain localities to ascertain gene} eyidenc 
relationships (Fig. 3; Table 6). Sierra 


Some generalizations appear tenable: | 
movement along the east-west faults was} coicare 


peated; (2) system E may be used tentativg east dij 
to divide the faults into younger and oli fractur 
faults; (3) the oldest systems are in the inter right-si 
of the mountains; (4) the northeast-southwd 
systems (A and C) are among the olde also str 


(5) along the northern boundary of the mou west. | 
tains, the majority of the H faults appear} ‘aacla 


be late extension faults of “Appalachif the 
type, diagonal to folding. betwee 

westwa 


Structure of the Trinidad Mountains ly 
The outer boundary of the Trinidad Moy 
tains—the contact between amphibolite 4 
schist (or limestone)—appears to lack conta \ 
metamorphism. Thiadens (1937, p. 22) "at Sugge 
sented the contact as steeply faulted becausf” form | 
the“... vertical and overturned position ot! 
schists” and the “. . . strong cataclastic struct 
of the dioritic rocks”’. 

Subsequently anomalies of Cuban structguend 
have been explained as resulting from larg a 
scale thrusts from north or south (P ». 30 
1945; Thayer and Guild, 1947; Flint, Al ailey, E 
and Guild, 1948; Kozary, 1954, unpub. P shire 
thesis, Columbia Univ.; 1956; Wassal, 1% Roya 
(Fig. 2). Utterlin, 

Although the actual contact is not expo be 
the demarcation is believed sharp. Gneisso 


To su 
mountair 


llende, | 


In the a 
hist, a 
re t of th 
¥ 
4 


f the amphibolite parallels schistosity in the 
hist, and each rock was traced to within 15 
feet of the other. Apart from large and sporadic 
Iicinolite crystals (along calcareous horizons ?) 
0-400 feet from the contact, the schist is 
ngularly undisturbed. 

The present work therefore does not support 
sortherly thrusting (Palmer, 1945). In the area 
sudied the contact appears to be a high-angle 
verse fault. 

Later transverse faults displace the contact. 
———4me, e.g., west of Terminal Hill, form scarps 
fretween rocks normally of equal resistance to 
SE (yypopical weathering. These may be recent. 
(1944) describes Pleistocene faulting 
‘om other parts of the island. 

The extent to which thrusting exists within 
‘he mountains is debatable. Field conditions 
____fhre not good. The proportion of cover to rock 
relate ss 8:1. Critical outcrops may be hidden by 
forest and overburden. However Charles Hatten 
1958, personal communication) writes: 


eak § 


culties 
ikes wd 
in gene] 


“To my knowledge, the best area within the 
main Sierra de Trinidad where thrusting is 
evidenced is in the eastern end of the mountains 
Sierra de Sancti Spiritus). East of the Rio 
Bafiao the general attitude of the metamorphics 
(quartz mica schists with minor interbedded 
calcareous schists) is north-south with a 60-80° 
east dip. Minor drag folds and poorly developed 
fracture cleavage indicate that the sequence is 
right-side up. To the west of Rio Bafao a se- 
quence, obviously different lithologically from 
the above, with calcareous schists predominating, 
also strikes north-south but dips steeply to the 
west. Near the base of this latter sequence, 
cataclastites are well developed. Minor recumbent 
isoclinal folds are present, which I believe, plunge 
to the northwest. The structural discordance 
between these two units is interpreted as a 
westward dipping thrust fault; however it could 
be an unconformity. More work should be done 
in this area to determine the relationship.” 


able: 

S Was ! 
entativg 
and old 
inten 
southnd 
e 
he moy 
appear 
alachial 


lains 


d Mou 
lite 2 To summarize; in the area studied, the 
contfUntains are not overthrust from the south. 
2) rep As suggested by Thiadens (1937) they appear 
a gigantic anticlinorium. 
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Greenstone (fine-grained serpentinite) 
13 Light-blue densely compressed limestone 
oz ES Medium-blue platy and foliated limestone; 


massive weathering 
Mediurrblue foliated limestone; massive weathering 
tincartene weathering light blue, foliated; containing 
lack calcite crystals up to an inch in diameter 
SFlaggy limestone with bluish-white patina 
to 5 with intercalated schist 


Fees Tightly-Foliated white to blue limestone ; may be 
equivalent to! 


8. Schistose gray limestone with whitish patina 

9.Dolomite, buf to light gray; with small black gypsum crystals 

10Brucite limestone 
Quartz veins.....qz--—- Specimen locality....© 


Thickness in feet.....15° 
Approx. contact.....eceees Road......... — 
LIMESTONE, 
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= bo 
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Deeply weathered with red soil 
SCALE 
FEET 


— TRAVERSE ALONG THE CUMANAYAGUA-MINAS CARLOTA ROAD 
From Terminal Hill to Chareo Azul 


nd " 
Ce 
er. ° We" 
ba > 
AS- 
THE SS, ? MES 
j 80 
: ° 
Qe 
| SS 
Lo 
| 
| 
Px 24 
get 
@ CHARCO AZUL 
@ 


\ 


The me 
and few g 
nental gr 
than limi 
tional COV 
gic char: 
najor fact 
a slope re 
ell as the 
Radical ch 
short ho 
generali 
An appr’ 
basic t 
“olution a 
mportance 
verfunctori 
Davis calle 
denudation: 
ipposed to 
The Geo, 
tated that 


Valleys 
avast amou 
valleys in wl 
‘vers deeper 
the valley flo 
icycle, and 
tuded from t 
tothe sea tha 
the material 
‘te action of 
shpes and ot 
if the weath 
stream in the 
‘ow-acting p 
vain, the acti 
perature, free 
‘on and hyd; 
Activities of b 
weathered ro 
Kownhill .”? 


Somewhat 


ass Inovem 
y Walther 
efined as 


2 
€ 
Ca 
| 
| 


Short Notes 


VOL. 70, PP. 1479-1482, 2 FIGS. 


The mechanisms of slope retreat are varied, 
ind few generalizations concerning this funda- 
nental gradational process are valid for more 
an limited areas. Climate, slope, vegeta- 
onal cover, thickness of regolith, and litho- 
gic character of underlying bedrock are the 
ajor factors which control the rate at which 
isope retreats and declines in steepness as 
vel as the processes of recession active thereon. 
Rudical changes in the controlling factors even 
‘ashort horizontal distances make it impossible 
» generalize concerning slope processes. 

An appreciation of processes of slope retreat 
s basic to an understanding of land-form 
sdution and alteration. Yet all too often the 
portance of slope processes is ignored or only 
yrunctorily treated. Long ago William Morris 
lavis called attention to the significance of 
inudational activities on canyon walls, as 
pposed to the work of rivers on their floors. 
lh The Geographical cycle, Davis (1899, p. 266) 
tated that 


*...valleys are eroded by their rivers, yet there is 
avast amount of work performed in the erosion of 
alleys in which rivers have no part. It is true that 
twers deepen the valleys in the youth and widen 
the valley floors during the maturity and old age of 
icycle, and that they carry to the sea the waste de- 
wded from the land; it is this work of transportation 
tothe sea that is peculiarly the function of rivers, but 
% material to be transported is supplied chiefly by 
‘te action of the weather on the steeper consequent 
‘opes and on the valley sides. The transportation 
tthe weathered material from its source to the 
‘ream in the valley bottom is the work of various 
Sow-acting processes, such as the surface wash of 
‘ain, the action of ground water, changes of tem- 
yrature, freezing and thawing, chemical disintegra- 
‘on and hydration, the growth of plant roots, the 
Activities of burrowing animals. All these cause the 


— waste to wash and creep slowly 


Somewhat later—1922—the importance of 
juass inovement in slope reduction was stressed 


by Walther Penck; mass movement was 
ped as 
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“.. the spontaneous independent migration of the 
reduced substances...on all slopes where rocks 
are being reduced . . . where the inclination exceeds 
a minimum amount which observation shows to be 
removed by only a few degrees from the horizontal” 
(Penck, 1953, p. 74). 


Still later a detailed discussion and classifica- 
tion of various manifestations of mass move- 
ment was provided by C. F. S. Sharpe’s Land- 
slides and related phenomena (1938). 

More recently, specific slope studies have 
revealed a variety of processes by which debris 
is moved downslope toward and into organized 
channel systems (Horton, 1945; Strahler, 1952; 
Schumm, 1954; Strahler, 1956). One such 
process is slope gullying. Under the right 
environmental conditions, gullying can be a 
most effective means by which slopes are 
lowered and altered. 

This study reports the results of an examina- 
tion of gullying in the White Mountains of 
California and Nevada (Fig. 1). The investiga- 
tion was made in connection with a study of 
desert flooding for the U. S. Army Quarter- 
master Corps (Kesseli and Beaty, 1959). 

The White Mountains are the highest range 
in the southwestern Great Basin, lying directly 
east of the Sierra Nevada across Owens Valley, 
California. Elevations of the crest range from 
10,000 to 13,000 feet, and White Mountain 
Peak, culminating summit, attains a height of 
14,246 feet, only 250 feet lower than Mt. 
Whitney. Adjacent valley floors are 4000 to 
6000 feet in elevation; thus local relief in the 
range is great, stream gradients are high, and 
slopes are notably steep, especially along the 
western front. Climatically the range is Cold 
Steppe—BSk—along its crest, whereas flanking 
valleys are Cold Desert, BWk. Precipitation is 
normally concentrated in the winter, falling 
from frontal storm systems moving from the 
Pacific Ocean. But the sporadic summer 
thunderstorm is a major agent of morphologic 
change also, and produces flash floods and 
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debris flows in the canyons and on contiguous 
alluvial fans, as well as gullying on favorable 
slope segments. In so far as sudden and drastic 
physiographic effects are concerned, the sum- 
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detritus are now ridges, subject to decay and rp. 
versal in position” (Bryan, 1940, p. 105), 

It is difficult to accept Bryan’s Contentio; 
that the perviousness imperviousness ; 
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Figure 1.—LocaATION OF THE WHITE MOUNTAINS 


mertime cloudburst is the single most. sig- 
nificant element of the climate of the area. 

Many White Mountain slopes are furrowed 
by systems of parallel or semiparallel gullies 
which are obviously water cut. Such slopes 
appear to be retreating at the time of the 
infrequent heavy rain by a process analogous 
to what was termed “gully gravure” by Kirk 
Bryan (1940). The essential feature of Bryan’s 
gully gravure is the lateral transposition in 
time of gullies and ridges. In his words: 


“Gullies in the slope are gradually filled with de- 
tritus which forms a pervious mantle, absorbing 
run-off and inducing further deposition. In the 
meantime the inter-gully ridges decay and become 
the locus of run-off so that the softened rock and 
detritus from a previous cycle are removed to form 
a new set of gullies. The previous gullies capped by 


adjacent strips of hillside would be so market 
that a reversal of position of gullies and ridge 
could occur. Running water seeks and follox: 
depressions; the effect is to deepen existing 
channels, not to create new ones where ontt 
stood ridges of higher ground. 

On lower White Mountain slopes smoot! 
segments are being carved by gullies, and th 
slopes are retreating essentially by a process 0 
“gullying.” But there is little evidence tt! 
suggest that ridges and gullies change positic: 
cyclically. The inter-gully ridges are bedrod 
thinly veneered with weathered debris, no 
“gullies capped with detritus.” Tiny rill s% 
tems and minute debris lobes on the sides ( 
the ridges indicate that the loosened materi 
moves off the ridges and into adjacent gullies 
The floors of the gullies exhibit all degrees 
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SHORT NOTES 


jebris accumulation, from deposits 1-2 feet 
thick on those which have not been fushed out 
by surface runoff for a long time, to only 
traces of sand and silt on the bedrock bottoms 
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ration brought about by snow melt, mass 
movement, in the form of the debris lobes, and 
rill cutting shift material into gully floors. 
These processes lower the ridges. Gullies are 
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FicurE 2.--DIAGRAMMATIC REPRESENTATION OF SLOPE RETREAT BY GULLYING 
No set time interval between heavy rains is specified. 


of those which have recently been cleared. 
Evidence suggests that existing gullies con- 
tinue to deepen, and intergully ridges are 
owered at a roughly comparable rate (Fig. 2). 

During heavy rain, water collects in the 
gullies and flushes out weathered debris 
acumulated from adjacent ridges. Gully 
foors are also deepened by scour, and undoubt- 
ely a certain amount of ridge lowering goes 
on as a result of minor rill cutting and washing. 
Also, material moves from ridge tops and 
sides toward gully floors in the form of small 
debris lobes or tongues, small-scale replicas of 
larger landslides in more humid regions. But the 
dominant process during periods of torrential 
precipitation is gully deepening. 

During the relatively long periods between 
really heavy rains, weathering loosens material 
on the ridges and in the gullies and prepares it 
for transportation. During and following light 
rains, and especially during periods of soil satu- 


places of accumulation, ridges places of re- 
moval. The slope is smoothed, and the total 
morphologic effect of a completed cycle is a 
lowering of the whole slope surface. When 
heavy rain falls, surface runoff again collects 
in the partially filled gullies and again flushes 
them out, thus intensifying local relief. The 
cycle is repeated; slice by slice the slope is 
literally peeled away. The process appears to 
be most active on metamorphic and sedi- 
mentary rocks covered with a thrifty growth of 
shrubs and grasses, but gullies were also seen 
on slopes underlain by granite and basalt. 
Some of the material moved downslope by 
the gullying goes directly into integrated 
channel systems in which further transport is 
provided by perennial streams. However, 
most of the debris swept out of the gullies 
comes to rest on lower, more gentle slopes, 
where processes of mass movement assume 
importance in its subsequent downhill trans- 
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fer. Detritus delivered to the upper ends of the 
gullies by mass movement and rill cutting on 
segments above the furrowed facets becomes 
part of the layer of loosened material to be 
moved by the next heavy rain. The gullying 
process, in short, is not an isolated phenomenon. 

Lateral shifting of the gullies could well be 
brought about by differences in bedrock resist- 
ance, but probably the initial surface pattern 
of furrows is superimposed indiscriminantly 
upon the underlying structure, and a parallel 
or subparallel drainage system prevails through- 
out the life of the slope. All the gully systems 
observed had a parallel or subparallel arrange- 
ment of the furrows, and they were seen on 
sleep slopes (35°) as well as on hillsides with an 
inclination of 10° or less. In any event, this is 
slope retreat by gullying par excellence and is 
one of the more important processes by which 
some range-front and canyon-wall slopes of the 
White Mountains are being consumed. 

Ridge and gully systems were found on 
slopes with an average inclination of 15°-20°. 
The gullies examined in detail ranged in length 
from 25 to 200 feet, in width from 1 to 3-4 feet, 
and in depth from 4 inches to 3 feet. There 
was no observable correlation between size of 
gully and type of underlying bedrock, but the 
longer and deeper gullies are more common on 
the steeper slopes. 

Gullying on White Mountain slopes is but 
one of a series of interconnected processes by 
which loosened surface debris is moved down- 
slope. Gravity fall, mass movement, and rill 
cutting further the efforts of gullying, and all 
constitute the denudational processes by 
which slopes in the range are altered. Gullying 
appears to be favored by a combination of 
comparatively smooth slopes with an inclina- 
tion of 15°-25° on which the vegetation cover 
is sparse and composed of grass or shrubs. In 
an area subject to infrequent but heavy rains, 
such slopes may retreat dominantly by the 
gullying process. Since the process was observed 
on slopes underlain by metamorphic, sedi- 
mentary, and igneous rocks, type of bedrock 
cannot be of primary importance. 

Gullying in the White Mountains is a 
sporadic process, depending mainly upon the 
occurrence of torrential rain. Recession of the 


slope segment may remain inactive for yea, 
or even decades. But eventually the cloudbury 
hits, and decisive slope alteration is accop, 
plished. In the irregular periodicity of jy 
occurrence, slope gullying resembles othe 
processes of gradation in the desert environ, 
ment. 

But it should be stressed again that gullying 
is only one process at work; the results of thi 
process are undeniably visually spectacular 
but perhaps no more important in the long ru: 
than are those of the other mechanisms ¢ 
slope retreat. 


slopes thus goes on at an irregular a 
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Lougee’s Ice age history (1958a; 1958b) 
introduces several geological problems which 
gullying geologists should examine critically. These 
inlude the deposition of erratics and tills 
fom “iceberg-rafted erratic stones and 
boulders” (1958a, p. 1291). 

My discussion is directed mainly toward 
Lougee’s concept of gumbo clays and the 
lationship of these clays to his thesis that 
“deposits formerly attributed to four or five 
gparate Pleistocene glaciations, both in 
©} \merica and in Europe, are deposits of a single 
ane daciation” (1958a, p. 1290). Lougee’s concept 
: p. 249] of gumbo clays is contained in two quotations: 


“Gumbo clays, until recently interpreted to be 
weathered tills, were deposited within the expanse 
of the sea-level waters, along with drift-wood and 
other organic material heretofore interpreted to be 
‘interglacial deposits’” (1958a, p. 1291); “Directly 
werlying the old tills there are widespread clays 
and silts, variously known as ‘Loveland or Farm- 
dale’, or ‘gumbo,’ which may be weathered phases 
ofa deep-water deposit” (1958b, p. 1764). 


lysis of 
Larva Petrographic Study of Weathered Zones of Glacial 


, 429 p Deposits in Illinois and Iowa 
rine 

: Under the auspices of the Illinois State 
lrainage 


Perth Geological Survey 10 profiles of weathering 
ept. of developed on glacial deposits of Wisconsin, 
> Naval Illinocian, and Kansan glacial stages were 
VR 381 studied petrographically (Allen, 1930) in con- 
nection with the field studies by Leighton and 
MacClintock (1930) on the weathered zones 
_ J ofthe drift sheets of Illinois. Complete oriented 
ysis °| vertical sections of the weathered zones were 
tut in the field at selected localities and placed 
on anf 0 tin trays for laboratory investigation. The 
role iif thin sections prepared at that time are still 
Jniv. oj wailable and were restudied during prepara- 
ton of this discussion. 

Leighton and MacClintock (1930, p. 31) rec- 
\gnized the following subdivisions of the weath- 
OF TH ered zones developed on the glacial drift sheets 
Illinois: 


Horizon 1 : the surficial soil 
Horizon 2 : chemically decomposed till, composed 
chiefly of alteration products and re- 
sistant constituents of the original till 
Horizon 3: leached and oxidized till, otherwise 
but little altered 


BULLETIN OF THE GEOLOGICAL SOCIETY OF AMERICA 


NOVEMBER 1959 


GUMBOTIL AND INTERGLACIAL CLAYS 


By Victor T. ALLEN 


Horizon 4: oxidized till, but unleached and 
otherwise unaltered 
Horizon 5 : unaltered till 


Petrographic study of the weathered zones 
developed on the Wisconsin, Illinoian, and 
Kansan drift sheets shows that Horizon 5, 
unaltered till, consists of a heterogeneous mix- 
ture of clay and rock fragments varying in 
composition with the source rocks. Horizon 4 
is oxidized and unleached till, but otherwise it 
is similar to Horizon 5. The characteristic 
features of Horizon 4 are its staining with 
yellow and brown iron oxides and the presence 
of fragments of limestone and dolomite. 
Samples of Wisconsin and Illinoian till that 
were immersed in 0.1 normal HCl lost about 
20 per cent by weight, and this furnishes an 
approximation of the percentage of carbonates 
in the samples examined. Horizon 3 lacks car- 
bonates, and in the upper part there is a transi- 
tional change to Horizon 2. In Horizons 2 
and 1 evidence of chemical decomposition 
in situ is afforded by the edges of feldspar and 
ferromagnesian grains which are so intricately 
altered that it is difficult to decide where the 
edges of the feldspar leave off and where the 
clay begins. Under crossed nicols veinlets and 
patches of clay divide some grains into several 
parts that together extinguish as a single grain. 
Quantitative measurements with a Wentworth 
recording micrometer on the particles in thin 
sections more than .02 mm across show that 
there is less feldspar in Horizon 1 and 2 than 
in the lower horizons. Furthermore, the remain- 
ing feldspar grains are smaller and consist of 
the more resistant members, microcline, perth- 
ite, and albite. The processes that operated 
were selective; they removed some minerals 
such as orthoclase and plagioclase that are 
abundant in the unaltered till, and partially 
altered and reduced the grain size of others. 
Ferromagnesian minerals are similarly affected. 
Numerous grains of hornblende and epidote 
have been observed altered to clay minerals at 
the edges and along cleavage cracks. 

In all the profiles investigated the percentage 
of heavy minerals decreases toward the top. 
Comparisons of weighed amounts of heavy 
minerals separated from equal-weight samples 
of Horizon 2 and Horizon 4 showed a one- to 
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fivefold decrease in the amount of heavy 
minerals toward the top of the profile. Reduc- 
tions in amount are limited to the minerals 
which perish easily, such as apatite, magnetite, 
hornblende, and epidote. The minerals formed 
during the destructive process include clay 
minerals of the montmorillonite group that 
contain notable amounts of the iron mem- 
ber nontronite, as well as iron oxides. 
Leighton and MacClintock (1930, p. 39-46) 
recognized variations in the types of profiles 
developed that are related to topographic 
situations and conditions of drainage. In poorly 
drained areas Horizon 2 is composed of a plastic 
clayey material named gumbotil by Kay 
(1916). Petrographic studies indicate that 
gumbotil is composed chiefly of clay minerals 
of the montmorillonite group in which the 
iron member nontronite is notably represented. 
In this clay are embedded grains of quartz, 
sandstone, chert, and other resistant minerals 
and siliceous rocks and a few grains of partly 
altered feldspars that increase in amount and 
decrease in the degree of alteration progres- 
sively downward. Many feldspar grains in 
gumbotil extinguish as a single grain but are 
so cut by veins and patches of clay minerals 
that they could not have been transported in 
this condition. Petrographic evidence strongly 
supports Kay’s conclusion that gumbotil is 
essentially the result of chemical weathering 
of glacial till (Kay and Pearce, 1920, p. 124). 
In well-drained areas, a friable silt forms Hori- 
zon 2; in partially drained areas Horizon 2 is 
less friable. For the former Leighton and 
MacClintock have proposed the term silttil; 
for the latter, mesotil. In mesotil and silttil 
evidence is convincing of the alteration in situ 
of feldspars to clay minerals. However, the 
clay minerals formed in Horizon 2 do not 
remain in situ as they do under conditions of 
poor drainage to give plasticity to this horizon, 
but migrate downward. In Horizon 3 are 
cracks and cavities filled with clay minerals 
that have migrated from above. The cleavage 
plates of the clay minerals are oriented parallel 
to the sides of the cracks, and successive layers 
vary in indices of refraction and in content of 
nontronite. This suggests secondary deposition. 
Downward movement has probably taken 
place as colloidal solutions because of the large 
quantity of water passing through the profile 
under conditions of good drainage. By repeated 
washing clay becomes so finely divided it will 
pass through a quantitative filter paper. 
Particles of clay that were washed through a 
filter paper in the laboratory oriented them- 


selves on a glass slide into a continuous shee 
that resembles the cleavage sheets filling crack 
in the field exposures. 

The second-cycle profiles of Leighton ang 
MacClintock are formed where erosion work 
headward into a region with poor drainage an¢ 
brings about improved drainage conditions 
Horizon 2 is changed to mesotil or silttil, ang 
Horizon 3 shows the orientated plates of mont. 
morillonite that are present in the profiles oj 
partially and well-drained areas. This is further 
evidence of the modifying effect of subsurface 
drainage on the distribution of clay minerak 
in the profiles. 


Petrographic Studies of Residual Clays Forme 
by Chemical Weathering in Situ 


The bedrock below the Ione formation o 
California and the quartz gravels of Eocene 
age that lie on the slopes of the Sierra Nevads 
is altered to residual clays containing angular 
quartz grains, euhedral zircon, anauxite, and 
other clay minerals. Petrographic study oj 
outcrops and cores (Allen, 1929, p. 387-388; 
1946, p. 125-126) indicates that orthoclase, 
plagioclase, biotite, hornblende, sphene, and 
magnetite, which are present in the granodiorite 
of the Sierra Nevada, are removed by chemical 
weathering from the upper part of the zone oi 
weathering, leaving chemically resistant angu- 
lar quartz grains and euhedral zircons in 2 
matrix of clay minerals. At depth feldspar 
and ferromagnesian minerals are present, and 
their edges are altered and cleavages invaded 
by clay minerals. The alteration is greatest 
near the surface and decreases downward where 
partly altered minerals indicate the stages it 
their progressive decomposition in situ. 

Thin sections of cores and outcrops in the 
Columbia River region (Allen, 1948) record the 
selective decomposition of less resistant mit: 
erals throughout a thickness of 175+ feet 0 
basaltic rocks. The calcic core of plagioclase i 
altered to nontronite, whereas the sodic rin 
remains unaltered. Augite weathers to not- 
tronite, and plagioclase alongside _remait: 
fresh (Allen and Scheid, 1946, p. 305-310 
Veins and cracks are filled with nontronit 
that migrated through the clay under cond: 
tions of good drainage. 


Petrographic Studies of Sedimentary Clays 


The writer has studied Pleistocene clays # 
New England and Eastern Canada. The cla 
minerals of varved clays and marine clays the’ 
were studied from this region are illite 4 
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Tien and Johns, nianuscript). These are the 
‘Tame at the top and at the bottom of exposures 


om Which samples were collected. Petro- 
graphic study of thin sections of these fresh 
gdimentary clays indicated the lack of feld- 
pars OF ferromagnesian mineral fragments 
vith edges more altered than the interior. 
Fridence is also lacking for the presence of 
chemically resistant minerals at the top of 
ieposits and the progressive increase downward 
in the amount of perishable minerals. 


Discussion 


The processes suggested by Lougee (1958a, 
1058b; 1958c) for the origin of till will not 
aplain the features of the weathered zones 
oi glacial deposits or of gumbotil. To account 
jor large fragments in a water-laid clay he 
advocates having them dropped from icebergs 
into the water. Not only would the iceberg 
have to select the required size of particle at 
wery instant but also to sort out the minerals 
was to deposit the most resistant minerals 
wear the top and increase the amount of perish- 
ible minerals progressively downward. Even 
fit were possible to do this, the deposition of 
gains of feldspars and ferromagnesian min- 
aals with their edges intricately altered to clay 
minerals could not be done without wearing 
the clay from the edges. Nor could grains cut 
ty numerous clay veins be transported in 
water without coming apart. The petrographic 
dations indicate decomposition of minerals 
in situ. 

The writer also disagrees with Lougee’s 
statement : 


‘It appears that Kansan and Illinoian tills are the 
sume In age and degree of weathering although 
rived from different ice centers; that they are 
posits of one glaciation only’’ (1958b). 


My petrographic study indicates that the 
veathered zones on the Kansan drift at Fair- 
ied, Iowa, are thicker and show more intense 
veathering than do those formed on the IIli- 
nian drift near Salem, Helm, and Effingham, 
illinois. These observations support the con- 
dusion of Kay (1931) that depth of leaching 
can be used to estimate the duration of the 
interglacial stages. 


Conclusions 


The origin of weathered zones on glacial 
(rift sheets of Illinois and Towa by the drop- 
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ping of ‘‘ice-rafted stones” into water-deposited 
clay is not in harmony with observations at 
classical localities in lowa and Illinois. Petro- 
graphic study of gumbotil shows the edges of 
feldspar grains altered to clay minerals and 
shows grains cut by clay veins that could hot be 
transported in water without wearing the clay 
from the edges and the separation of the grains 
into parts. Nonresistant minerals have been 
removed from the upper part of the weathered 
zone by chemical weathering im situ but in- 
crease in amount progressively downward. 
Where weathered drift is overlain by unweath- 
ered drift a long period of weathering separates 
the glacial deposits. The presence of gumbotil 
is proof of a long interglacial interval. Silttil 
and mesotil grading downward into a zone 
containing veins and cracks filled with clay 
minerals also indicate a long period of exposure 
of the drift sheet on which each is developed. 
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Sharp (1958) described folds found in Mala- 
kina glacier, on the southern border between 
Alaska and Canada. Those folds were not 
inherited from the Seward glacier system, which 
eds the Malaspina, but have their origin in 
he movements of the Malaspina. After a study 
oi the map patterns formed by the medial 
moraines involved, and the fracture network, 
Sharp concluded that the origin of the folds is 
sill a puzzle. 

The present note describes, briefly, a model 
iesigned to duplicate the serpentine pattern 
ofthe medial moraines on the Malaspina. The 
following model ratios were used (Hubbert, 
1937): 


Length 1.42 X 10% 
Gravity 1 

Density About 1 

Strength About 1.42 X 10% 


The density factor was actually close to 1.3, 
nasmuch as clay mud was used as the model 
material. A possible temperature ratio was 
icuded because it was thought that the folds 
fave a mechanical origin. One hour of labora- 
‘ory operation was considered equal to, roughly, 
N years of glacial movement. 

The model was contained in a box 50 cm 
quare. Only half the glacier was modelled, 
masmuch as it was thought that the other half 
wa not necessary for the purpose at hand. 
The “rock basin” was formed from  water- 
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soaked newspaper and covered with aluminum 
foil to prevent water loss from the clay. The 
clay was about 2 cm thick. 

Three mud reservoirs were constructed to 
represent tliree of the tributary glaciers. The 
central reservoir was supplied with a white 
kaolin mud, whereas gray-green muds were 
used in the two outer reservoirs. The sharp 
color contrast permitted detailed study of 
relative motion in the “medial moraine” or 
boundary zones. The boundaries between the 
several muds were vertical or very steep. 

The working hypothesis was adopted that 
differential flow from multiple reservoirs was 
responsible for the formation of the serpentine 
pattern. Differential flow was achieved by feed- 
ing the reservoirs at different rates. Six “runs’’ 
were made, three of them with differential 
flow; two of the latter, and none of the others, 
produced the serpentine pattern. Each “run” 
was continued for about 1 hour. 
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Pirate 1.—VERTICAL PHOTOGRAPH OF CENTRAL PART OF MODEL PIEDMONT 
GLACIER 


The three reservoirs, which supplied dark, light, and dark mud, respectively, are located above the top 
‘ithe picture. The flow was toward the bottom of the picture. The fracture network has been inked at 
‘lected points. The finely digitate pattern between the two colors of mud (for example, just to the right 
a the dime) should he noted. The high shadow contrast was provided by a very low light source. (Dime 
‘cluded for scale) 


1487 


7 
| 


FOL 


Vent! 
yrtion 
acts h 
climate 
The a 
Nalley 
based 01 
station 
05 year: 
No st 
for the 
however 
similar 
vailing ' 
southea: 
therefor 
The \ 
retricte 
ridge of 
long, tre 
lis Vall 
North o 
19 mile 
alappin 
The it 
ina seri 
rated b 
and wii 
that ran 
Most of 
wuartzite 
The ren 
basalt. 
The h 
worth of 
i the p 
the ridge 
vater ta 
about 25 
eicessive 
surlace ¢ 
Temainin; 
bushes, 
invegeta 
nidge are 
been win 


concentra 
pebbles, 


ral 
te 
an, 
t 


Ventifacts have been found in the central 
tion of the Annapolis Valley, Nova Scotia. 
ri relationships indicate that these venti- 
cts have been faceted under the existing 
imate and within the last 10 years. 

The average annual rainfall for the Annapolis 
Valley is about 41.41 inches. This figure is 
used on cumulative statistics from the weather 
tation at Annapolis Royal for a period of 
: years (Climatic Summaries, p. 5+). 

No statistics of wind velocity are available 
for the Annapolis Valley. The prevailing wind, 
however, is westerly and of moderate velocity, 
similar in strength and persistence to the pre- 
vailing westerlies of coastal New England and 
sutheastern Canada. The Annapolis Valley, 
therefore, has moist, temperate climate. 

The ventifacts of the Annapolis Valley are 
rstricted to the surface of an esker delta. This 
ridge of ice-contact stratified drift, 8.0 miles 
ing, trends southwestward across the Annap- 
lis Valley from Aylesford to Melvern Square. 
North of the village of Kingston the ridge is 
9 mile wide and rises about 30 feet above 
ilapping sediments of an outwash plain. 

The internal structure of the delta, exposed 
ina series of sand pits, consists of cross-lami- 
tated beds of well-sorted, medium-grained 
and with rare lenses of water-worn pebbles 
that range from subrounded to subspherical. 
Most of the pebble-sized particles are pink 
uartzite, white vein quartz, or pink sandstone. 
The remaining pebbles are granite, slate, or 
hasalt. 

The highest and widest portion of the ridge, 
worth of Kingston, is very well drained because 
ithe permeable sediments and the relief of 
the ridge. During normal summer weather the 
ater table, along the axis of the ridge, is 
bout 25 feet below the surface. Because of the 
‘tcessive drainage about one-third of the 
‘urlace of the ridge is unvegetated sand; the 
nmaining two-thirds is blanketed by blueberry 
‘ushes, heath plants, or open pine forest. The 
uvegetated patches along the crest of the 
ridge are being deflated, and the finer sand has 
xen winnowed from the surface leaving a lag 
‘oneentrate of coarser sand and _ scattered 
pebbles, 
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FORMATION OF VENTIFACTS IN A MOIST, TEMPERATE CLIMATE 


By Cuartes F. Hickox, Jr. 


The pebbles have been modified from their 
original subrounded or subspherical water-worn 
form into faceted and keeled ventifacts; vein 
quartz, pink quartzite, and indurated sand- 
stone have been abraded into ein-, zwei-, and 
dreikanters; less homogeneous granite and 
slate have been pitted or abraded about softer 
mineral grains or along zones of low resistance 
(Pl. 1, fig. 1). 

The relationships—topographic relief, perme- 
able sediments, deep water table, unvegetated 
surface, lag concentrate, and wind-abraded 
pebbles—are significant because surface condi- 
tions of the ice-contact delta are similar to 
those of an arid environment even though the 
local climate is moist. Because the ventifacts 
are surficial it is inferred that they have been 
abraded in modern times and are still being 
abraded, under existing climatic conditions. 

A sand pit, excavated in the crest of the esker 
delta, 0.7 mile north of Kingston post office, 
furnishes a clue to the time required for the 
formation of ventifacts. Ventifacts, found in 
association with the sand pit, were first studied 
during the summer of 1955. The pit, however, 
does not appear on air photographs taken in 
the spring of 1945. Furthermore the owner of 
the pit, Mr. Gilbert Hudgins, states that the 
first sand hauled from the pit was used in con- 
struction of a concrete hangar apron at Green- 
wood Air Base. This apron was not completed 
until after the Nazi defeat in May 1945. The 
pit, therefore, must have been excavated 
between 1945 and 1955. 

During excavation of Hudgins’ pit, now 160 
feet in diameter and 25 feet deep, mounds of 
sand up to 5 feet high were backfilled on both 
western (windward) and eastern (leeward) 
sides. These mounds have since been modified 
into dunes by the prevailing westerly wind. 
The fine and medium sand has been winnowed 
from the windward face and has been deposited 
on the leeward slope where it assumes an angle 
of repose of 27°. Coarse sand and pebble gravel 
remain as lag concentrate on the gentle wind- 
ward slope of the backfill (Pl. 1, fig. 2). 

The pebbles on the windward slopes of the 
backfill, like those on the unvegetated portions 
of the ridge, have been abraded by the wind 
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FiGuRE 1.—Map oF CENTRAL PorTION OF ANNAPOLIS VALLEY, Nova ScorTIA 


into ein-, zwei-, and dreikanters or have been 
pitted or abraded about softer minerals (Pl. 1, 
fig. 1). 

Ventifacts occur on the windward slopes of 
backfill on both east and west sides of the sand 
pit. Therefore the unvegetated terrain upwind 
from the pit, rather than the pit itself, is the 
source of the abrading wind-blown sand. 

Thus, ein-, zwei-, and dreikanters can be cut 
on vein quartz, quartzite, and indurated sand- 
stone in less than 10 years. Prevailing winds of 
moderate strength and a windward source of 
dry, transportable sand are the only require- 


ments for abrasion of ventifacts. Ventifact} 
can form in a moist, temperate climate; they 
do not necessarily indicate arid or proglacia 
environments. 
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Pirate 1.—VENTIFACTS FROM ANNAPOLIS VALLEY, NOVA SCOTIA 


Ficure 1.—Water-worn pebbles collected from gravel lens, Hudgins’ Pit (top row) and ventifacts 0 


lected from windward slope of backfill (bottom row) 


Ficure 2.—Backfill modified into dune, Hudgins’ Pit 
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VENTIFACTS FROM ANNAPOLIS VALLEY, NOVA SCOTIA 
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Widely distributed minor lineations in the 
‘ic Basin lie in a pinnate pattern relative 
the major lineations such as island arcs, 
hipelagoes, and fracture zones. Individual 
or lineations generally are 20-200 km long 
j consist of: (1) elongate submarine vol- 
oes, atolls on volcanic platforms, and vol- 
nic islands; (2) lines of closely spaced circular 
marine volcanoes; (3) asymmetrical ridges; 
)narrow troughs ordinarily associated with 
allel asymmetrical ridges; (5) straight 
ughs resembling submarine canyons on con- 
ental and insular slopes. 
Compared to faults on land these “minor” 
rations are rather large features, but at sea 
most detailed techniques of location and 
ry closely spaced sounding lines are required 
survey most of them. Within a few hundred 
iles of land, electronic positioning is possible. 
her out to sea, buoys are planted, or an 
ricate pattern of dead reckoning may be 
ed, The requirement of accurate positioning 
20 more critical than accurate sounding with 
hording, high-performance echo sounders. 
t this reason the large network of random 
t soundings in the Pacific is of little use in 
tecting minor lineations. Narrow troughs are 
ticularly elusive because the steep sides all 
ut disappear on the record, and it may appear 
ht little change in depth has occurred on the 
based type of recorder used by oceanographers. 
most 200 minor lineations are known in the 
cific Basin at present. Inasmuch as all of 
tm are in specially surveyed areas which 
mount to only a small fraction of the basin 
tay it may be anticipated that thousands 
nain to be found. 
Elongate volcanoes are the most common 
inor lineations in the Pacific Basin. Excellent 
amples are San Juan Seamount (Shepard 
nd Emery, 1941, Pl. 4), San Benedicto Island 
b the Revillagigedo Group (Richards, 1957, 
heses, Univ. Calif. at La Jolla, Pl. 2A), and 
akaroa Atoll in the Tuamotu Archipelago. 
dividual elongate volcanoes grade _ into 
cular volcanoes which are so closely spaced 
at they have a common base. Clipperton 
land and the adjacent seamounts are an 
ample (Menard and Fisher, 1958, Fig. 3). 
€se in turn grade into closely spaced circular 
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seamounts which are not cennected topo- 
graphically, such as the group associated with 
Fieberling Guyot (Menard, 1955b, Pl. 1; H.O. 
Chart 0527). 

Small asymmetrical ridges normally are 
associated with deep troughs, but the ridges 
around Hawaii are not, nor is one south of the 
Murray fracture zone. Narrow troughs with 
parallel asymmetrical ridges on one or both 
sides have been described both north and south 
of the Clipperton fracture zone (Menard and 
Fisher, 1958, p. 249), and others occur in the 
vicinity of the Clarion, Murray, and Mendo- 
cino fracture zones and also south of the 
Pioneer Ridge which lies parallel to and south 
of the Mendocino fracture zone. 

Straight troughs, attributed to faulting, 
have been described on the continental sides 
of the Kurile Trench (Udincev, 1955, Pl. 3) and 
the Aleutian Trench (Gates and Gibson, 1956, 
Fig. 3). These troughs superficially resemble 
normal submarine canyons, but they are 
straight, have parallel trends, and in both 
areas they have about the same oblique trend 
to the trench axis, so that they appear to be 
fault troughs. 

Two patterns of minor lineations are identi- 
fied, a pinnate pattern centered on major 
lineations, and a less definite herringbone pat- 
tern extending across crustal blocks and chang- 
ing direction at the fracture zones in the north- 
eastern Pacific. In addition, both major and 
minor lineations have a relatively constant 
trend in very large areas near the continental 
margins of North American and South America. 

The pinnate pattern consists of minor linea- 
tions on both sides of major lineations with 
different but relatively constant trends on each 
side (Fig. 1). The whole pattern resembles a 
feather with the major lineations as the shaft 
and the minor lineations as barbs. The angle 
between representative minor lineations, meas- 
ured as the “V” of the barbs, ranges from 66° 
to 140° and commonly is not bisected by the 
major lineation. Separated into classes accord- 
ing to associated types of major lineation, the 
angles are either about 70° or 90° for fracture 
zones, 105°-110° for linear archipelagoes, and 
about 140° for the Kurile Trench. Although the 
grouping in classes is suggestive, the sample is 
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not large enough to assure that significant 
differences in angles exist in the several types 
of major lineations. 


however, the minor lineations are as unifong 

in trend as any group of continental fay} psf the 

distributed over a similar area. The lineatigg™ vie 
bie pattern 
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An exception to the general rule of constant 
trend of minor lineations on one side of a major 
lineation exists south of the Murray fracture 
zone (Fig. 1) in the Moonless Mountain region 
(Menard, 1955a, p. 37). These mountains con- 
sist of 15 known volcanoes ranging in height to 
3500 m, and almost all are markedly linear. 
(The more nearly circular peaks are not plotted 
on Figure 1.) The lineations of the peaks which 
have been surveyed in most detail lie in two 
groups, one trending northwesterly and the 
other northeasterly. In most other regions, 


northeast of the Hawaiian Islands and thf Jinea 
south of Clipperton fracture zone (Fig. 1), bwever, tl 
example, have as constant a trend and @iq, ye ‘ 
spread over about the same area as the {aif ingbone 
of the Basin and Range Province in the Uni bugh it is 
States. ong the 

The herringbone pattern of minor fractapjicneq 
incorporates the pinnate patterns around diyinc. }, 
ent fracture zones into a single whole. Weture gon 
arises from the fact that the “V’s” iD Bunts hay 
pinnate patterns of adjacent fracture 24% margins 
point in opposite directions (Fig. 2). “ed, but 


a 
iq 
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unifor tof the minor lineations in the northeastern 
: fa ie fit into both the herringbone and pin- 
— patterns the two names, in a sense, merely 
ate emphasis, the former on minor linea- 
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lines by various Scripps expeditions indicate 
lines of closely spaced small seamounts. A simi- 
lar range of small seamounts between the 
Murray fracture zone and the Pioneer Ridge 
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ms within crustal blocks and the latter on 
or lineations at the margins of blocks. 
bwever, there are some lineations in the 
dle of crustal blocks, suggesting that the 
Mmngbone pattern is more significant al- 
bugh it is not so definite as the pinnate one. 
ong the mid-block lineations, the best 
ablished are in the Baja California Seamount 
vince between the Murray and Clarion 
(lure zones where at least two ranges of sea- 
punts have the northwesterly trend found at 
margins, The ranges have not been sur- 
ed, but closely spaced random sounding 


FicurE 2.—Mayor AND MINor LINEATIONS IN THE NORTHEASTERN PACIFIC BASIN 


The relatively constant trend of minor lineations between fracture zones forms a herringbone pattern 
this part of the basin. Off Central America, Mexico, and California, most lineations are northeasterly. 


trends northeasterly across almost half the 
width of the crustal block and has the same 
trend as the fractures at the margins of the 
block. 

A prominent northeasterly trend exists on 
the deep-sea floor in a band extending from 
northern California to northern Chile. In the 
less densely sounded southern region the trend 
comprises three great submarine ridges, the 
Tehuantepec Ridge (Menard and Fisher, 1958, 
Fig. 1), the Cocos Ridge (Shumway, 1954, 
Fig. 2), and the Nasca Ridge which was sur- 
veyed during the Downwinp Expedition. All 
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the ridges are connected with, and appear to 
branch from, fracture zones with easterly 
trends. Off Baja California and California, the 
northeasterly trend is exhibited by at least 


tion, 1959) and which may be another i 
fracture zones of the northeastern Pacific 
Minor lineations consisting of elongate 
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FicurE 3.—COMPARISON OF THE SCALE OF MAJOR AND MINOR LINEATIONS AROUND THE HAWAIIAN Ista\ 
(mirror image) WITH THE SAN ANDREAS FAULT AND THE BASIN RANGES 


20 large volcanoes including some on the con- 
tinental slope and borderland (Shepard and 
Emery, 1941, p. 33-34). The northeasterly 
lineations have not been found north of Pt. 
Arena in California where the San Andreas 
fault trends out to sea. A much less prominent 
northerly trend of minor lineations also exists 
off Baja California. This trend includes the 
active volcano of San Benedicto Island, the 
undissected volcanoes of Guadalupe Island, 
and a few small seamounts. Inasmuch as none 
of the volcanoes with northeasterly trends is 
active, these with northerly trends may be 
younger. 

A well-developed group of lineations off 
Vancouver trends northwesterly. Individual 
lineations are parallel to and lie in the area 
between the active seismic lines northwest of 
Cape Mendocino and southwest of Queen 
Charlotte Island (Gutenberg and Richter, 
1954, p. 34). The group also lies southeast of 
an east-west ridge which has been traced for 
350 km (Robert Hurley, personal communica- 
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and narrow troughs mark tension faults. 
origin of the tension, however, need not 
uniform. The en echelon pattern of a groupf 
very elongate volcanoes off Baja Califong’' the 
suggests tension cracks produced by an und ibblee (1 
lying shear. The minor lineations around 1 ustal sho 
Hawaiian Islands in general lie on the Hawaiig* distrib 
Arch (Dietz and Menard, 1953, Fig. 3; Hanif the sea 
ton, 1957, Fig. 4), and they may be formedifisifiably 
keystone faulting incidental to the uplilt of 
the arch. Likewise, most troughs have a3 
metrical ridges on each side and conceival 
might result from keystone faulting on 
clines. However, volcanoes, asymmethj 
ridges, and troughs all have the same orietj 
tion in some regions, and it is difficult to beli 
that they do not have a common origin. 
The oceanic crust of the eastern Pacific 
fractured into blocks with dimensions of j 
order of 105-10® km?. Major easterly lineati 
called fracture zones (Menard, 1955b) ex 
the margins of the blocks, and large displ 
ments have taken place on some of, if not 
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facture zones. Right-lateral faulting of 
ut 150 km has been measured on the Murray 
ure zone (Mason, 1958, p. 328; Menard 
i Vacquier, 1958, p. 2-5), and left-lateral 
iting of 250 km on the Pioneer Ridge (Victor 
cquier, personal communication, 1959). 
sate minor lineations border the two frac- 
zones Where displacement has been meas- 
j (Fig. 1). A similar pattern of minor linea- 
ss is associated with many other major 
| butions in the Pacific Basin. If the major and 
nor lineations could be related to a common 
Fan, it would suggest that horizontal dis- 
ment has occurred on all the major linea- 


The herringbone pattern is not definite 
pugh at present to justify elaborate specula- 
ssabout origin. The strain pattern seems to 
kconstant within a crustal block and differs 
\ sematically from block to block, but even 
conclusions need confirmation from 
ether mapping. 

yy The scale of the crustal distortion implied 
aN Frthe common association of patterns of minor 

\ bations with major lineations merits atten- 
a. Ifa mirror image of the Hawaiian Islands 
way is compared with the San Andreas 
pilt (Fig. 3), the minor lineations associated 
rth the Hawaiian lineation lie in the same area 
the Basin Ranges and have about the same 
wds, spacing, and lengths as_ individual 
ges. All these similarities may be attributed 
p coincidence, but the scale is significant. 
rou rzontal displacement along the San Andreas 
slifongtt of the magnitude suggested by Hill and 
 undapoblee (1953, p. 445-449) implies major 
und tal shortening and stretching somewhere. 
await distribution of major and minor lineations 
Hang the sea floor suggests that geologists may 
med stifably look jar afield for the secondary 


plift @iects of large-scale wrench faulting. 
> asyy 
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